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FOREtfOR) 


This  report  is  a  ecoqpilation  of  infonation  obtaiJied  from  <^n  literature. 
The  report  was  prepared  Bsrry  R.  Esorioh,  Ceramios  and  Graphite  Technical 
STaluation  Seetion,  Haterials  Infomation  Branchy  i^lieations  Laboratarjy 
Directorate  of  Materials  and  nrooessesy  Aeronsutioal  Stjrstems  Division.  This 
work  was  done  under  Rrojeet  7381y  "Materials  ipplioatiou".  Task  73RlD5y  "Ceraales 
and  Qraidiite  Teehnioal  Evaluation". 

This  report  covers  work  oonduotod  frcm  1  Fehruar7  1962  to  1  August  1962. 

It  has  been  prepared  aind  is  presented  as  a  part  of  Materials  Central's  infoma- 
tlon  activities  on  oeranios  and  graphite.  Other  reports  reviewing  the  technology 
of  these  oaterlals  will  be  Issued  in  the  future. 

The  author  wishes  to  acknowledge  the  vital  support  of  the  following 
Aeronautical  Division  personnsl|  Captain  %ihasy  Directorate  of  Foreign 

Technology-  Analyslsy  for  providing  translations  tram  the  Russian  literature. 

Mr.  C.  E.  Butler  and  J.  Krochaaly  Directorate  of  Materials  and  Froeessesy  for 
interest  In  the  work  and  scyiervisory  assistancsy  and  Miss  Junie  Banksy  Direetor> 
ate  of  Materials  and  nrooessesy  for  providing  reprints  and  the  typing  necessary 
in  oomplling  the  Infonnation. 


A  oonprehenslTB  reriev  of  th«  Uteraturo  vu  mdo  to  assist  in  providing 
baolcground  information  needed  for  future  vork  eonoeming  borids  materials. 

The  materials  relieved  inoluded  solid  bodies  of  TiB2f  ^^2* 

TaB2»  CrB2  and  ThB^.  This  compilation  presents  Infomatlon  on  ^thesiSf 
propwties»  and  ^pplloations  of  the  selected  boride  compounds,  ixioludlng 
seleoted  abstracts  and  artioles. 

This  dooumentexy  seeroh,  by  shoving  many  gaps  and  vide  scatter  idiere 
information  is  available,  demonstrates  the  need  for  the  development  of 
authoritative  scientific  infcraation  on  borides  applicable  tc  future  tech¬ 
nological  requirements. 
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Z.  UntODDCTlOl 

looordlag  to  a  raeant  Matariala  Idalaory  Board  Coad.ttaa  raportf  (1) 
boridaa  aadilblt  daairabla  propartiaB  tuiafUl  In  manj  hi^  ta^paratora  atmotoral 
appUoatlou  ahara  othar  aatarlala  voold  flail.  Hasaareb  data  iadleataa  that 
abora  2000’\}  (3632^)  oartaln  boridaa  oan  ba  prodnoad  with  ralatiaaij  good 
atraagth  and  oxidatira  raalatanaa.  Boridaa  oan  ba  uaad  at  taaparatnraa  and 
anriroBMitta  vhara  grapbita  aad  rafTaetory  aatala  viU  ozidiaa  and  vbara  oxidaa 
ara  vaak.  Tba  raftraot^  boridaa  baaa  biidi  alaotrieal  eonduotiTity,  iatanadi- 
ata  tbaraal  aaq>anaioii  and  tbaraal  eondoetiTitj. 

Boridaa  bara  propartiaa  intanaadiata  batvaan  tba  oarbidaa  and  oxidaa  • 
Tbair  aalting  pointa  are  algnlfiocntlj  balov  tba  earbidaaf  but  oxidation  ra- 
aiatanoa  ia  atatad  to  ba  graatar.  eontraat  to  tba  axidaa,  tba  boridaa 
ratain  tbair  atrangtb  at  biidi  taaparaturaa.  Good  ebanieal  atabilitgr  of  tba 
boridaa  iadioataa  tbaj  ean  ba  uaad  in  eontaet  vith  other  natariala  anoh  aa 
grapbita,  oarbidaa,  natal,  and  oxidaa  vitb  niniMi  raaetion.  To  aaaluata  tba 
ftiU  potential  of  tba  boridaa,  the  atata  of  daaalopnant  of  theaa  natariala 
Hoat  ba  graatlj  adaanoad.  Before  initiating  a  progran  on  tba  davalopnant  of 
boridaa,  knovladga  of  paat  inaaatigation  ia  aaaantial.  Thia  report  vaa  pra- 
pared  to  aaeiat  in  providing  tba  background  for  anob  a  progran. 

Sinea  tbera  ara  muaj  boride  eonpounda  knoun  to  exist,  it  was  naeaaaary 
to  bo  aoastdiat  arbitrary  in  aalaoting  apaeifie  boridaa  of  prinary  intaroat. 

Ibia  report  oovara  a  litaratura  aaarob  on  aolid  bodiaa  of  aalaetad  binary 
borida  eonpounda.  Tba  binary  eoa^pounda  vara  eboaen  on  tba  baaoa  of  gaining 
tba  noat  fondanentel  knovladga  of  boridaa  in  ganaral.  Iba  diborldaa  of 
titaninn,  sirooninn,  bafkiiun,  aanadiun,  niobinn,  tantalun,  and  ebroninn,  aa 
vail  aa  tborian  tatraborida  vara  aoXootad  baoanaa  of  their  potential  uaa  in 
bi|it  tanparatura  atraetnral  applioationa,  and  tba  fact  that  they  ara  the  bi^- 
eat  nalting  eonpounda  knoun  to  axiat  in  aaeh  of  tbair  raq)aeti«a  aquilibrinn 
phaaa  ayatana. 


Thia  report  inolndaa  aaotiona  on  aynthaaia,  propartiaa,  and  applioationa, 
raforanoaa,  aalaetad  abatraota  and  artielaa.  Tba  aynthaaia  aaotion  avnaarisaa 
and  briefly  diaouaaaa  tba  ganaral  netboda  uaad  in  obtaining  borida  raw  natariala 
tfaroui^  ehanieal  raaetiona.  Tba  diaouasion  ia  praaantad  vith  eoanenta  viavad 
tovard  aynthaaia  of  bigii  purity  diborida  eonpoimda. 

Tba  property  aaotion  ia  a  oonpilation  of  a  range  of  propartiaa  vitb  eon- 
pariaona  of  propwtiaa  obtained  by  varioua  invaatigatora.  The  najority  of 
thia  aaotion  eonaiata  of  tablaa  vitb  aalaetad  abatMta  and  artiolaa  provided 
in  tba  dppandieaa.  Okily  aalaetad  abatraota  or  artielaa  publiabad  aiooa  1954 
ara  inolndad.  in  artiela  vaa  ineludad  if  it  vaa  tba  lataat  and  noat  reliable 
infomation  on  tba  adbjaet  and  loan  of  detail  would  Unit  the  value  of  tba 
data.  Sana  of  tba  data  liatad  ia  tba  tablaa  nay  ba  of  qoaationabla  value 
baoanaa  naaaurananta  vara  nada  on  apae inane  of  inoo^pleta  apaeifioationa  aa 
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to  purity,  porosity,  and  thermal  treatment.  Nevertheless,  this  conqjilatioD 
may  be  of  value  to  materials  engineers  and  research  scientists  since  it  indi¬ 
cates  work  performed  and  references  have  been  included  for  retrieval  of  original 
publications. 

The  applications  section  covers  potential  high  temperature  technological 
uses,  with  a  brief  discussion  on  industrial  applications  of  the  selected  boride 
compounds. 

It  is  Intended  that  this  survey  serve  as  a  reference  for  materials  engi¬ 
neers  in  obtaining  information  to  serve  as  a  basis  for  prediction  of  test  results 
ai]d  decisions  for  future  investigations.  This  compilation  also  sunmarlses  the 
methods  for  producing  high  purity  borides  and  should  acquaint  the  designer  with 
potential  high  temperature  applications. 

*A8  additional  information,  several  sources  of  supply  for  high  purity 
diborldes  are  tabulated,  with  cost  and  degree  of  purity  provided.  These  sources 
are  for  general  information  only,  auxl  are  not  Intended  to  represent  a  complete 
or  necessarily  precise  indication  of  either  number  of  sources  or  cost  of  these 
materials.  They  are  provided  sisply  to  make  this  report  as  complete  as  practi¬ 
cal  at  the  time  of  writing. 


II.  BikCKGRODM) 

The  pioneering  work  on  borides  began  around  1895  with  the  vork  of  Moissan 
(2),  Tucker  and  Moody  (3)  performed  some  early  work  on  zirconium  borides  in 
1901.  From  the  torn  of  the  century  to  about  1945  very  little  attention  was  paid 
to  the  borides.  However,  diirlng  this  interval  some  investigations  were  performed, 
“ttie  nrlnclpal  investigators  of  tdiich  included  Wedekind  (4),  Krupp  (5),  Moers 
(6,7;,  Andrleuz  (8),  Meissner  (9)>  Becker  (10),  and  Anderson  (11).  An  article 
oonoeming  a  large  scale  manufacturing  process  of  ZrB^  was  published  by  McKenna 
(12)  in  1936. 

Since  1945  renewed  Interest  has  grown  and  more  intensive  research  has 
been  perforsied.  Much  of  the  first  work  was  in  determining  the  large  number 
of  borides  which  are  now  known  to  exist.  An  investigation  of  the  chemical  and 
physical  properties  was  started  under  a  Navy  contract  (13).  In  1949  Klessllng 
(14)  and  also  work  by  Ncrton,  Blumenthal  and  Sindeband  (15)  determined  structure 
of  slroonltim  dibcrlde.  A  nuoiber  of  diborldes  were  investigated  by  Brewer  and 
co-workers  (I6)  in  1951.  SbqMriments  on  pressure  sintering  of  the  diborldes 
were  reported  by  Glaser  (17)  in  1951.  Between  1952  and  1953  Glaser  and  Post 
(18-21)  published  four  pfl4)ers  which  included  work  on  slrconium  borides. 

Schwarzkopf  and  Kieffer  (22)  reported  a  review  of  the  processes  involved 
in  the  preparation  of  borides.  Another  review  by  Campbell  (23)  clearly  showed 
that  the  borides  of  groups  17,  7,  and  71  bad  received  most  study  up  to  1956. 
During  this  sane  Interval  Samsonov  (24)  vas  performing  some  basic  studies  on 
the  borides. 


*Selected  data  cosplled  from  First  Monthly  Report  under  Contract  AF  33(657)- 
8635,  25  April  1962. 
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%>«lbMai  and  Qorttloh  (25)  la  1958,  datandnad  aoaoratalj  tha  lattiea 
panuMtars  of  2^2*  A  briaf  daaorlptlon  of  blnarj  and  tarnazy  borlda  ayataaa 
foraad  batuaan  hl|^-aMltlag  aatala  and  boron  vaa  praaantad  in  a  book  by 
Sbmodot  and  Fortnoy  (26)  In  I960.  A  daaorlptlon  of  tha  fahrloatlon  nathoda 
for  borldaa  vaa  raoantly  raportad  by  Hauanar  (27).  Anothar  najor  inraatlga- 
tlon  at  thla  tlna  vaa  on  tha  thamodjrnanle  propa^aa  of  raftraotory  borldaa 
by  Laltaakar  (2S). 

Dua  to  tha  laek  of  rallabla  Infomatlon  obtalnabla  fToai  tha  aarllar 
Invaatigatlona  and  tha  raeant  taobnologloal  raqulraamta  for  laproaad  natarlala 
tha  Natarlala  Adrlaery  Board  (1)  raaeaaiandad  a  plan  for  yaarly  azpandltoraa 
on  borlda  atndlaa.  Tha  raanlt  of  thalr  raconaandatlon  la  now  baing  raallaad 
in  Air  Poroa  Contraot  33(657)-6635  ahlob  vaa  Inltlatad  in  Nay  1962. 


III.  SnTHBSIS 


Tha  prlaary  intaraat  of  thla  aaetlon  la  to  aonarlaa  tha  raaetlona  vhieh 
ooonr  In  obtaining  dlborlda  rav  natarlala  uaad  for  ftnrthar  prooaaaing.  Tboaa 
raaetlona  or  nath^  vhloh  voaU  ba  most  anltabla  for  prorldlng  hi|di  parity 
dlborldaa  vara  of  apaelal  oonearn.  Sinea  thla  dlaenaalon  on  aynthaala  haa  a 
hi|^  parity  thana,  a  aaetlon  on  aingla  oryatala  and  proenranant  of  hl|d>  parity 
dlborldaa  vaa  inelndad. 


Tha  aix  baolo  prinolpla  raaetlona  inrolviag  ajathaala  of  dlborldaa  or 
borldaa  In  ganaral  ara  Uatad  balov  (22,29)  t 

1.  Faalng  tha  dlraot  conhlnatlon  of  natal  vlth  boron  (Na  /  B2  •  NaB2). 

2.  Badnotion  of  adztoraa  of  natal  ozidaa  and  boron  anhydrlda  vlth  oarbon 
(NaO  /  B2O3  /  C  — «■  NaB2  /  CO).  Bintaring  tha  povdarad  alaonnta,  natal  hydrlda 
and  boron  or  tha  ooddaa,  balov  foalon  tanparatora. 


3.  A  thanlta  raaetlon  radnolng  a  nixtora  of  natal  ooddaa  and  aaoaaa 
vlth  alnalw— ,  nagnaalnn,  or  allloon.  (NaO  /  /  ^(Ng,Sl)  NaB2 

/^4l(Hg,Sl),0^). 


A.  Baaotion  of  tha  natal  oodda,  natal  or  natal  hydrldaa  vlth  boron 
oarblda,  vlth  or  vltboot  tha  addltlen  of  B2O3  (Na(NaO,NaH,NoC)  /  B^  /  B2P3 
NaB2  /  CO),  or  NaO  /  B^  /  C  — N^  /  CO). 

5.  Uaetrolyola  of  faaad-aalt  batha  eontalslng  tha  natal  oodda,  varioaa 
halida  flncaa,  and  boron  oodda  (alkali  oodda  /  alkali  hallda  /  B^  /  NaO 
NaB2i  annylai  2CaO  /  CaP2  /  2^  /  i  TIO^  — ^nLB2  (23). 


6.  Taper  phaaa  dapoaltlon  (aoBaaplat  BfCl^  /  /  Eg  — »'BfB2  / 

BBl  /  BBr).  Bavaral  nathoda  ara  oaad  in  vapor  dapoaltlon  raaetlona. 
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Xttbl*  I  proTid«a  a  quick  mmmry  to  tba  Imraatlgationa  parfonNd  eon- 
eanlBg  the  aiz  baaie  raaotlona  and  tba  diborldaa  of  Intaraat  for  thia  apaelflc 
report*  Moat  of  tba  veric  to  data  baa  baan  parforaad  on  tltanliai  and  aSrooniXB 
diborldaa*  vltb  ralatlvaly  UtUa  vork  bavliig  baan  dona  on  tba  otbar  diborldaa* 

ganaral  tba  Utaratnra  polnta  out  that  raaotlona  3,  4*  and  5*  vhloh 
hara  raoalrad  tba  aajorltgr  of  prarloua  atndy*  would  ba  of  graataat  Intaraat 
for  low  ooat  ooamarclal  production  and  do  not  ahov  pronlaa  for  preparation  of 
oontroUad  aatarlala*  Baaotlona  1*  2,  and  6  would  noat  Ukalj  ba  uaad  for 
tba  aguitbaala  of  hl|^  puritif  raaaarob  apaelnana*  Tba  direct  oonbt nation  of 
boron  and  tba  ralarant  natal  la  tba  noat  uanal  natbod  uaad  for  the  ayntbaala 
of  pure  diborldaa*  Slntarlng*  hot  praaalng  and  yapat  dapoaltlon  tadbnlquaa 
jlald  aggragataa  raadgr  for  final  dnqdng*  which  nay  naka  than  nora  aultabla 
for  uaa  than  the  fbalM  natbod*  Baeant  atndy  In  area  of  alngla  cryatal 
growth  by  Linda  Coapany  (10,  abatract  In  ippandlz  2)  will  no  doubt  Inprana 
the  capability  of  mdcl^  ultra  pure  taatlag  aatarlala*  ibatraota  2  -  10  of 
Ippandlz  I  are  eonoamad  wltii  the  aathoda  of  ajnthaaia  aa  dlaeuaaad  In  the 
fOUowiag  paragr^iha* 


TABU  It  RDBDSI8  (M  SDRHBSIS  OP  8FK2F1C  D1B0B3D28 


Material 

Bafar 

aneaa  Llatad  by  Byntbaala  Matboda 

1 

2 

3 

4 

5 

#6 

aay 

TIB2 

IQ 

16,46,47,52 

12,15,59 

36,57,46 

6,^.36.49, 

96,60,a 

6,16 

39 

19 

18,50,51,52 

12,15,59 

37,53»54,55 

15,36,60,61 

6 

39»7r 

HCB2 

mm 

52 

6,62 

■■ 

12,52 

99 

16,37 

6,36 

6 

**2 

16,18,52 

18,37 

6,15 

39 

UBz 

U«16,52 

12 

18,37 

6,15,36 

39 

GrB2 

52 

99 

36,56 

II1B4 

■■ 

16,18 

<Ooaa  not  Inolnda  rafaranoaa  oonoarning  ooatlnga* 
**(lanoral  dlaonaalona  on  arithaaia  aatbi^* 


1.  lliiitliaala  bar  fbaioni  Amthaala  of  blah  aaltina  dlborlda  oonnoonda 
by  aoUdlfSSiwfrwSoaaTt  InaolTaa  aaltlng  the  natal  dlraotSy  with  boron 
or  baatlag  praalntarad  alzturaa  of  the  two  aatarlala*  Thla  natbod  allowa  a 
hl|^  dagraa  of  control  and  ganaral  ly  prodnoaa  a  unlforaly  raaotad  para  oo^wond* 
The  final  product  oould  ba  uaad  aa  a  aoaroa  of  diborldaa  for  aabaaqpNnt  alntar- 
lag  or  hot  praaalng,  aa  for  aanagpla  In  warn  powdar  natallnrgiaal  paraduotion 
natboda* 
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larlj  «oq)«riMnts  did  not  prorldo  pan  boridoo.  It  vu  not  until  about 
1949  that  puro  Uborl^a  vara  woduoad  uadng  thla  nstbod,  Raoant  InTaatigatlona 
bj  Kiaffar  (30)  y  Vaattarook  (31)  ahov  how  tha  diraot  fuaion  prooaaa  and  pra« 
alntarlng  followad  bj  naltlng  oan  ba  uaad  for  dbtaialng  natarlala  aultabla  for 
oryatal  grovth. 

Slnoa  tha  Halting  taaparaturaa  of  tha  aubjaot  Hatarlala  ranga  batvaan 
ehroaduB  dlborlda  (=  2280%,  4135^)  and  hafbiuB  dlborlda  ('s  3250%,  5880°F) 
alaotrlo  aro,  aro  laaga,  elaotron  baaa  or  foouaad  induotlon  haatl^  la  aultabla 
for  Halting  purpoaaa*  A  graphlta  eontalnar  la  ganarally  uaad  to  allnlnata  in- 
purltlaa  during  Halting.  An  axanpla  of  a  laboratorj  aro  fumaea  vhloh  allain- 
atad  liqpurltlaa  from  occurring  batvaan  tha  liquid  axid  eruolbla  Hatarlal  or 
raaetlra  gaa  la  ahoun  In  Flgura  1.  Ihia  q>aolfle  fumaea  vaa  uaad  b^  Stanford 
Baaaaroh  Inatltuta  (32,  aaa  abatraot  In  Appandlz  II)  during  a  raoant  InTaatlga- 
tion  on  ajjmthaaia  of  hl^  taagMuratura  Hatarlala. 


inothar  tacbnlqua  propoaad  x^antlj  bf  Stanford  Baaaaroh  for  aynthaaia 
of  hi|^  Halting  oomMunda  diloh  vonld  raqulra  hl^  praaaura  to  pravant  tharaal 
daoonpoaltlon  la  t«»ad  laploslTa  diook.  Thla  aathM  vaa  daaonatratad  by  tha 
Stanford  Baaaaroh  Inatltuta  (32)  In  tha  aynthaala  of  boron  phoaphlda.  Thaaa 
ajqMrlnanta  ocnaiatad  of  placing  aixturaa  of  tha  two  caagMinanta  into  a  ailli 
ataal  oyllndar  vhloh  vaa  anoaaad  In  a  layar  of  a]q>loalTa.  Iha  aoqploalra  vaa 
datonat^  at  ana  and,  oaualng  a  paripharal  datonatlcn  to  auaap  along  tha  aur- 
flaoa  of  tha  cyllnlar  with  a  'valooit7  of  about  7900  natara  par  aaoond.  A 
oxlindrloal  oonvarglng  ahook  vara  Induead  in  tha  ataal,  produoada  praaaura  at 
oantar  of  about  2  x  10^  atnoq^araa  for  approadnataljr  5  x  10*^  aaconda. 
During  thla  abort  tlna  tha  taaparatura  of  tha  apaeinaB  raaohad  aavaral  thouaaitd 
dagraaa  Ealrln.  Dlffleultlaa  of  tUa  Hothod  vara  oontanlnatlon  of  apaolnan  with 
Iron  and  oontrol  of  prooaaa. 


_  *■“-  Boron  or  tha  Ratal  Hfdrlda 

{BilgBbJtelBliHEIA  tha  flrat  Hothod 

prooaaa  la  adiqrtabia  tongia  ivoduetlan  of  pura  dlborldaa.  Thla  aolid 
atata  raaotlon  aathod  oan  ba  uaad  to  dlaoorar  ooHpomla  which  would  ba  unatabla 
at  tha  hlgbaat  taa|)araturaa  and  vhloh  would  fora  onij  aloviy  at  lowar  tanparaturaa. 


Tha  aatal  powdara  of  tltanloi,  slroonlun,  and  bafhitB  ara  difficult  to 
prapara  In  a  atata  of  high  porltgr,  baoanaa  thaaa  Hatarlala  ara  hi^il7  raaetlwa 
with  oaqrgan.  For  thaaa  Hatarlala  tha  uaa  of  oodda  Inataad  of  tha  natal  la 
prafarrad  during  aynthaala.  Another  raaaon  for  tha  uaa  of  tha  oxlda  In  plaoa 
of  tha  natal  la  thalr  ralatlTolj  low  ooat.  Thla  low  initial  eoat  la  eountar* 
aotad  by  tha  fleet  that  oxldaa  oanaa  a  raduetlon  In  raaotlon  rataa  due  to  thalr 
bulky  ateta  whAeh  axlat  ao  that  undaalrad  raaotlon  prodiaeta  oan  go  off  aaally* 
Iba  faydridaa  (NaBo)  ara  aanatlnaa  uaad  for  produeing  Mall  quantltlaa*  They 
ara  nora  aoqpanaivH  than  oxldaa,  but  not  nooh  nora  axpanalra  than  tha  natala. 
Borlo  oxlda  with  Ita  low  naltlng  point  praranta  tha  uaa  of  high  raaotlon  tan- 
paratura  tharafora  radnelng  raaotlon  rata.  If  Txry  pure  dlborldaa  ara  daalrad, 
boron  oan  ba  uaad  by  Itaa^  aa  a  radnelng  agent.  Tha  raaotlon  than  prooaada 
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COOLING  WATER  INLET 
COOLING  WATER  OUTLET 

(-)  STINGER  ELECTRODE 
FLEXIBLE  BELLOWS 


WELDING  PORT 


SAMPLE  WELLS 


TUNGSTEN  stinger 
COPPER  HEARTH 


COOLING  WATER 
OUTLET 


(■♦')  HEARTH 
ELECTRODE 

COOLING  WATER  INLET 


Figure  1.  Arc  i^urnace  (hef  32) 
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M  follomt  J^Oz  /  US  — •.3N*B2  /  SaP?*  Mthod  •lialnatae  th«  B2O3 
la  tlM  rMotionf  vhieh  Mgr  allov  hi^htr  rMetlon  tupagrataraa,  panittlng  a 
■ora  rapid  dlfftwloo  prooaaa.  Carbon  la  tha  aoat  oobmou  raduotlon  aatarlal. 
Carbon  laaraa  no  oodda  raaldua*  and  it  will  raduoa  all  aatal  oxidaa  at  alavatad 
tamparataraa.  Boron  mat  ba  addad  in  daflnlta  amnnta  to  fora  tha  daairad 
dlborida  (27). 

Tha  kiaatioa  of  aintarlag  la  a  eonproaiaa  batvaan  raaotion  taaparatara, 
grain  growth  and  liquid  fomatlon.  Slnoa  larga  gralaa  raduoa  driving  foroa 
for  raaetlonoy  anallar  gralna  ara  daalrablaf  hovavar  hlg^Mr  raaotion  taapara- 
turaa  proBMta  dlffttalon.  Tha  fomatlon  of  a  liquid  la  alao  undaairablay 
baoauaa  It  eauaaa  tha  aatarlal  to  Imp  vhioh  graatlj  raduoaa  tha  dlffualon 
prooaaa.  A  taiqparatara  of  approadaatalj  >75%  below  tha  naltlng  pointy  la 
ganarallj  uaad  during  thla  t^  of  alntaring  prooaaa  (27)  •  Sintering  haa 
bean  uaad  axtanalvaly  to  prepare  pure  dlborldaa  bf  heating  tha  nlzad  pulvarlaad 
alananta  or  a  natal  hydride  and  boron  in  a  vaounn,  low  praaaura  argon,  or  tha 
hydrogen  aaittad  fTon  tha  Iqdrida  (16).  A  alapla  alntaring  aathod  ua^  b^  S. 

V.  Samonov  and  K.  I.  Portnoj  (26)  oonaiatad  of  firing  tha  boride  apaolnana  In 
a  raalatanoa  or  l^uotlon  type  fUmaoa,  with  graphite  holdara.  Tha  holder  la 
Inbrloatad  with  laaallar  gnqihlta  In  glyoarlna  auapanalon  to  allalnata  adhaaion 
batv^  tha  aintarad  artiola  and  tha  holder.  Tha  fumaoa  la  heated  to  6OO- 
700%,  q>aei»ana  ara  than  Injaotad  into  tha  fumaoa.  Tha  fumaoa  la  brou^t 
tqp  to  alntaring  point  In  ana  to  three  honra,  held  at  tha  alntaring  taqparatnra 
for  15-30  alnntaa,  and  than  ooolad  to  800  to  900%.  Thamal  hlat^  for  alntar- 
Ing  of  thaaa  borldaa  ara  praaantad  In  Table  II. 


TABU  Ut  SmiRIHG  SSHffiOLBS  FOR  CSBTAIH  DIBORIDBS  (26) 


Coapound 

Sintering 

Te^  m 

Bbldiag  Tlaa 
at  Sintering 

Taqp  Mina. 

Baaidual 
Poroalty  % 

TIB, 

2200^2250 

15 

5-8 

ZrB 

2300 

15 

3-6 

OrBj 

2250 

15 

6 

Tha  alntaring  tinea  and  ta^paraturaa  In  general  will  varj  depending  upon 
qpaoiflo  dlborida  ooapoaltlon.  R.  Xlaaaling  (14)  prepared  ohrondm  borldaa  ^ 
alntaring  tha  alxad  powdara  In  avaouatad  aillM  tubaa  for  48-^  honra  at  1150%. 
Tantalm  borldaa  vara  vaouiaMintarod  for  hour  at  1800^1900%  or  for  100-150 
houra  at  1150%  In  avaouatad  allloa  tubaa.  Tha  data.obtalnad  by  Saaaonov  and 
Portnoy  for  tha  oaaa  of  Zrn2  by  tha  naa  of  130  Ig/o^  of  praaaura  during  tha 
alntaring  prooaaa  or  a  60  pmaaura  for  a  oertain  period  of  tlna  followed 

by  a  praaaura  inoraaaa  to  130  Kg/ua?  gave  praotieally  Identical  final  danaitlaa 
and  i^lnkagaa.  After  20  nlnataa  of  alntaring  tlna  the  linear  ahrlnkaga  vaa 
approxiaataly  ^  percent.  (26). 
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Slae*  par*  dlborid**  undergo  ywj  littlo  tintorlng  «aDeopt  at  *«rgr  bi|^ 
traporattnref  (ubir*  therml  dMaapoaltion  wgr  baoooa  aarious) ,  hot  praaalng 
la  ganarally  uaad  to  produo*  ■aaalea  bodiea  eoBierolallj. 

Hot  praaalng  fonu  a  danaa  dlhorida  bodj.  Bowarar*  ecatanlnatlon  of  tha 
diborlda  aagr  oeoor  daa  to  oarbon  or  othar  laiparitlaa  tram  tha  grapbita  dlaa. 

(Uaaar  (17)  ahovad  that  tha  borldaa  of  alreoolua  and  tltanlon  ara  atabla 
in  tha  praaanea  of  oarbon  at  taiig>eratur*a  up  to  thalr  naltlng  point*.  Jaekao:' 
and  Paliaar  (33)  prodoead  a  liquid  pbaaa  during  praaalng  of  thaaa  two  diborldaa 
at  tanparaturaa  around  2300%.  If  hot  praaalng  1*  uaad  It  ibould  ba  oarriad 
out  in  a  aaeuna  to  liadt  oontanlnation  around  tha  aurfaeaa  of  tha  dlaa.  La- 
puritlaa  la  thla  afatan  wgr  alao  eona  fToa  tha  dlffuaion  of  iapurltiaa  in  tha 
graphite  into  the  diborlda  ^olnan. 

To  prorld*  a  qaaatltatlT*  lUuatration  of  afaat  to  aapaot  fron  diborlda 
powdara  during  tha  alataring  and  hot-praaa  foraiag  ep«atij(ai»  Tablaa  in,  If» 
and  T  ware  oonpilad  fToai  Sanaonor**  work. 


TABU  nit  0nBT  or  bouibb  tike  hbbr  phbbsobb  cr  120  at 

SDRIRIBQ  TBfflBATlBa  OT  2300%  FOB  TnABIDM  D1B0B3DB  (26) 


Oonponnl 

Total 

tUthoot  Lead 

w»a 

0 

5 

5 

3.78 

■EaM; 

3 

2 

5 

3.89 

A 

1 

5 

3.96 

4.S 

0.5 

5 

4.16 

5. 

0. 

5 

4.20 

■eoB 

oThaoratlaal  daaoltr  (f/<n^)  aqvala  4*5  for  T1B2* 


TABU  nt  DU8IR  OT  snClMBB  PRSDBB  BX  BOT  PBESSUB  VJTB  nTlBBAL  UMD 
BDfOnD  Oi  GOGUn  (BIBTBZBa  TMPnAXIBtB  23^,  8D1B1IQ  TUB  5 

MZBUXis,  masm  lao  ig/a^  (a6) 


OeaBoiwa 

Danaltf 

■aaidaal 

Boroaitr 

TIB2 

2100 

3.16 

30.0 

1730 

3.23 

28.3 

1530 

3.37 

21.0 

1300 

3.93 

11.7 

1030 

4.17 

7.8 

20 

4.20 

7.3 

Tha  danaltgr  daeraaaaa  whan  load  la  rnacaad  at  1300%|  a  promaalw* 
daoraaaa  in  danalty  oeoura  aa  tha  loadprallaf  ta^iaratwa  la  Inoraaaad. 
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TIBU  Tt  HOT  PHBSSIK  CF  FRODODTS  FROM  CERXAOl  DIBGBIDIS  (26) 


Coapound 

Sintering 

*-P  w 

Sintering 
Aressure  (Id/car) 

Sintering  Tlae 
Minutes 

Residual 
Fbroaitr  % 

TIB2 

2330 

120 

5 

0*6-l*0 

2rB2 

2350 

120 

10 

0 

lbB2 

2560 

120 

10 

0 

TUBS 

2350 

120 

10 

6-9 

A  rM«Bt  tnuMlatloB  taj  Mersol  (54)  eonoendng  the  pareselag  end  sinter¬ 
ing  of  dlborlde  powlers  is  Inclmied  In  Appendix  II  for  (qpeolflo  InforastloB 
on  this  sobjeet*  The  original  vork  reported  uas  perfomed  hgr  Bablohy  Portnoj 
and  SensonoT  (35)  • 

Jaekaon  and  Palnar's  (33)  hot  pressing  for  TIB2  and  2rB2  showed  the  final 
densities  to  be  89*7  and  93*8  g/oo,  respeotleelj,  Sansonor,  at  al«,  (26)  as 
dwvn  In  Tnble  IV  produees  TlBo  baring  onlj  0*6  to  1  peroent  residual  porosl^ 
In  the  sintered  prodnot*  The  furlatlon  In  results  anjr  hare  bean  oaused  bgr 
difference  In  Inpnritles,  alnee  the  puritgr  of  the  produets  wore  not  reported* 

Other  hot  fondng  nethods  ehloh  nli^t  bare  applieatlon  for  produelng  danse 
unoenented  dlborldes  are  hot  isostatle  pressing  and  extrusion.  The  Isostatlo 
proeess,  dereloped  at  Battalia  and  also  used  bj  Qeneral  Bleotrln  Conpanj  at 
Clnelnnatly  nakes  use  of  a  hot  gas  as  the  pressurising  fluid.  The  adrantagas 
of  this  aethod  ares  (1)  faster  densifleation  than  at  rocn  teeperature;  (2)  tends 
to  font  desirable  oriented  fafarlo)  (3)  oapable  of  produelng  parts  not  feasible 
bf  hot  pressing*  The  mjor  dlsadrantikge  of  this  aygtm  at  the  present  tine  is 
tin  tesjperature  Undtation  (1650%>  3000^)* 

Hot  eoctroslon  does  not  ^>pear  to  be  a  Ukelj  prospect  because  of  its 
dependence  on  traxisfomlng  the  brittle  dlborldes  to  a  noderatelj  plastic 
condition*  JIhis  trusltion  is  slow  and  ooours  at  relatireljr  hl|^  teapora- 
tores  (12^,  2310^)* 

3.  giflMtfili  gf  ttff  Ittadagt,,  9f  HtW  Wtiit  uA  Bg«  flridt  iritt  Hi  aii 
Ifc.  or  Cl  This  thendte  reaction,  scentlaes  referred  to  as  oarbothemlo, 
aliarinothemlc,  sillootheraio,  eto*,  reduction  is  based  on  the  natal  oxide  and 
B9&  being  reduced  bgr  one  of  the  netals  and  the  Intemedlate  products  plus  the 
liberated  boron  reacting  to  fom  dlborldes*  This  nethod  has  two  basic  fCultst 
(1)  The  nstal  oxide  focmd  with  the  redueing  netal  nnst  be  separated  fkon  the 
boride  product  or  else  an  Inpore  product  will  be  obtained*  (2)  Also,  due  to 
oxide  foraation,  the  oonposltion  of  the  resulting  boride  is  dl^oult  to  eon- 
trol*  Because  its  ba^  oontandnation  dlffleultgr,  only  ooMerelal  grades 
of  dlborldes  would  be  produced*  This  aethod,  like  aethod  naeber  2,  uses  the 
oheapest  raw  naterlnls  for  the  production  of  dlborldes,  that  is  the  oxides  of 
the  netal  and  boron*  This  aethod  is  basioally  the  sane  as  aethod  madar  2, 
except  reduction  is  accoaplished  by  aoans  of  a  netal,  rather  than  by  carbon* 
Therfore,  slnlLur  process  teaperatures  would  apply  for  both  aethods* 
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8  Mthod  it  tladlLir  to  Mthodt  two  andi  ttar**,  bat  boroB  earbld# 
is  tUMd  88  tha  rsduetlOB  ■atsrlsl*  Ths  boron  oarbids  ia  a  high  danslty 
oiFTStalllna  aatarial  and  la  eflaaorelally  availabla*  vhieh  is  it  is  oftan 
uaad  todajr.  This  process  is  rsaotlng  powders  of  the  aatals  or  their  ooddes 
with  boron  carbide  at  approodnateij  2000%  (3630%*)  in  a  graphite  container. 

The  najor  disadvantage  of  this  nathod  is  tha  carbide  contamination.  The  con¬ 
tamination  is  reduced  by  the  presence  of  excess  B2O31  however  the  excess  B2O3 
limits  the  controlling  of  tha  boron  content  of  the  product.  For  these  reasons 
this  msthody  lilce  pre^oos  nathod,  would  not  be  aatisfaetod^  for  use  in  making 
highly  pare,  controlled  diborides. 


inother  means  of  obtaining  boridea  using  this  soma  concept  is  by  hot 
pressing  mixturea  of  boron  carbide  with  the  refractory  metals  or  their  hydrides 
(36).  As  mentioned  in  Method  2  the  hydrides,  which  are  used  as  the  metal-eon- 
taining  reagent,  foms  less  oxidinbla  dlborides  than  the  metals  and  are  not 
much  more  e^^enslve.  Since  the  hydrides  are  considarably  more  expensive  and 
difficult  to  obtain  in  soma  oases  than  the  metal  oxides,  they  are  generally 
used  for  making  only  small  cniantities.  The  hydrides  of  tito^um  and  sirooniias 
decosqpose  about  600%  (1114^)  and  900-1100%  (1662-2022°F) ,  producing  the  metal 
powders.  The  hydrogen,  given  off  by  the  hydrides,  provides  a  hl^^ily  desirable 
atmocqphere  for  preparation  of  pure  dlborides,  but  because  they  are  so  volatile 
the  reaction  is  forced  to  occur  at  atmoqihario  pressure  and  hi|^  temperatures 
1900-2000%  (3463-3642%)  (26). 

0.  A.  Maerson  and  Q.  ?.  Samsonov  (37,  Article  2  ia  i^ppendiz  II)  investi- 

rtod  a  vaounn  process  using  the  following  reactiont  aieO  i  B/C  /  C  — »>2MeB2 
200,  The  lower  teimaarature  limit  for  starting  to  dbtain  TiB^  by  this  vacuum 
reaction  is  1100-1150%  or  i^pproximately  800%  lower  than  previous  mentioned 
jpaphlte  tidM  hydride  reaction.  Their  work  was  based  on  removing  carbon  as 
CO  ttm  boron  carbide  using  the  oxygen  of  the  oxide,  additional  carbon  in  the 
fora  of  carbon  black,  and  combining  the  boron  with  the  hi|^-malting  metal  to 
form  the  oorrespondl^  boride.  SImo  the  proceos  involves  reducing  ohomioally 
stable  oxides  with  the  fcrmation  of  a  gas  (CO),  the  study  of  the  conditions 
for  performing  the  process  under  vacuum  was  made.  The  purpose  of  the  vaoucm 
was  to  reduce  nitration  or  oxidation  of  the  prodmts,  vaA  act  as  a  catalyst 
for  the  entire  reaction.  This  method  is  used  as  on  example,  but  it  illustrates 
the  general  type  of  equipment  and  temperature  areas  involved  with  methods  two 
and  three  using  vaeuna  technology.  Methods  two,  three,  and  four  ore  basically 
a  reduction  parocess,  differing  primarily  in  the  naterl^  used  for  reducing 
the  metal,  metal  oxide  or  metal  hydride. 


mwieery  the  so-called  boro  carbide  method  of  producing  dlborides  is 
carried  cut  in  a  vacuum  to  produce  pure  powders  or  in  a  hydrogen  atmosphere 
in  a  gr^phits-tube  furnace  to  produce  technical-grade  boridev 


5,  Fuaed-Salt  lleotrolTslsi  The  fusion  electrolysis  msthod  basically 
consists  of  placing  a  mixture  of  metal  oxide,  boron,  and  other  fluxes  into  a 
bath  container  and  then  heating  the  solid  mixture  to  solution  by  means  of 
graphite  electrodes.  This  method  is  sonetimes  used  whan  the  potentials  and 
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otber  characteristics  of  the  ions  of  a  material  make  it  difficult  or  impossible 
to  synthesize  by  reduction  vrlth  carbon  or  other  methods* 


Electrolysis  is  carried  on  at  a  teii$>erature  slightly  above  the  melting 
point  of  the  electrolyte.  The  electrolyte  is  usually  a  fluoride  confound, 
vdiich  also  acts  as  a  flux.  The  final  boride  product  being  heavier  than  the 
fused  electrolyte  precipitates  out.  The  fused  electrolyte  is  then  poured  out, 
and  the  precipitated  products  are  wa^ed  vrith  H2O  and  dilute  HCl. 

This  method  is  best  suited  to  the  large  scale  production  of  diboride 
powders  of  conmercial  purity  directly  from  naturally  occurring  raw  materials. 
Fusion  electrolysis  is  considered  Inefficient  for  most  practical  applications 
because  of  high  electrical  power  cost  and  the  fact  that  further  processing 
of  the  final  product  is  required.  Another  problem  associated  with  this  method 
is  the  inability  to  control  the  metal t  boron  ratio  of  the  deposited  material. 

The  first  work  on  this  method  was  performed  by  Andrieux  (8),  amd  later 
investigated  by  Slndeband  (33).  Some  work  by  Slndebcmd  showed  the  impurities 
to  consist  of  graphite,  both  constituents  and  a  small  excess  of  metal  or  boron. 

The  compositions  and  electrolysis  conditions  for  producing  titanium  and 
zirconium  dlborides  as  listed  by  Campbell  are  provided  in  Table  VI. 


TABLE  VI j  FUSION  ELECTROLYSIS  OF  ZIRCONIUM  AM)  TITANIUM  DIBORIDES  (23) 


Bath  Composition 

TeiH)(°C) 

EMF 

Volts 

Current 

Aiqp 

Product 

Mg(V4l^2/2B203/iT102 

1000 

7 

20 

TiB2 

XaCVfcar2/2B203^i02 

1000 

TiB2 

Ca(VCaF2/2B2(yi/8  ZrO^ 

ZrB2(99.65{) 

6.  Chemical  Vapor  Deposition:  This  method  produces  borides  in  massive 
form  or  as  coatings,  by  depositing  elements  or  canqpounds  in  the  solid  state 
from  a  chemical  reaction  of  vapors  onto  a  heated  surface.  This  technique  is 
sometimes  refenred  to  as  "gas  plating",  "vapor  plating"  growth  method  or  "vapor 
deposition".  There  are  various  aspects  of  interest  within  this  method,  such 
as  direct  boride  deposition,  oodeposltlon,  and  pyrolysis.  The  study  of  pyrolytic 
synthesis  (39),  flame  spray^  coatings  and  plasma  deposition  or  plasma  are  heat¬ 
ing  are  new  areas  of  ceramic  technology  which  are  closely  related  to  this  con¬ 
cept.  £bq>erimental  and  development  studies  have  been  performed  by  various  agencies, 
primarily  for  defense  use  purposes,  on  refractory  borides  for  coatings.  Since 
the  primary  purpose  of  this  report  is  concerned  with  diborldes  as  a  structural 
material  no  further  discussion  will  be  performed  on  coatings. 

Massive  deposits  prepared  by  this  technique  are  built  up  atom-by-atom, 
thereby  providing  a  potential  of  preparing  borides  of  near-theoretical  density. 
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Roeket  nozzles  and  other  re-entry  surfaces  can  be  obtained  b7  proper  control 
of  the  deposition  conditions*  Chemical  vapor  deposition  technique  may  be  used 
to  prepare  high  purity  ceramic s^  or  to  form  ceramic  materials  at  temperatures 
below  those  required  in  conventional  technology.  It  may  also  be  used  in  filling 
voids  in  porous  bodies.  Disadvantages  of  the  vapor  deposition  technique  is  the 
difficulty  in  controlling  the  metal i  boron  ratio  and  in  the  forming  of  large 
or  caiD;)lex  shapes* 

Ohly  nail  anunts  of  borides  of  hi^  purity  are  presently  prepared  by 
the  direct  dseoaposltion  of  the  halides  of  the  aetals  and  boron.  The  halide 
gases  are  adzed  with  hydrogen  and  deoaoposad  at  tesperatores  around  1100  to 
1200X,  on  inert  vires  or  on  vires  of  the  q>eoifio  netal.  The  lastal  and  the 
boron  deposit  slsnltaneously  from  the  vapor  phase  and  fora  the  dlboride. 

This  direct  deposition  neth^  vas  first  used  by  Moers  (6)  and  studied  lat«r 
by  Walther  (ifi)  •  Powell,  Caapbell,  and  Gonssr  (41>  Vanirkel  (42)  and  Beekar 
(10)  have  reeved  the  early  vork, 

Tvo  reoent  investigations  eonoerning  gas  phase  reactions  which  ware  not 
dimtly  assooiated  vlth  dlborides,  but  oould  very  Ukelr  be  used  for  produo- 
ing  thn,  are  studies  by  Stanford  Rssearoh  Institute  (32),  and  irthur  D.  Little 
(43).  ibstracts  of  both  these  studies  are  available  in  ippendiz  I. 

The  Stanford  effort  vas  a  plasaa-are  heating  qrstan*  The  najor  llnltai- 
tion  in  ajuthesis  vas  the  vide  range  of  theraal  history  of  the  collected  natar- 
ials*  The  variation  in  degree  of  heating  was  caused  by  particle  siae  dlffw- 
snees  and  effect  of  plaana  cn  previously  deputed  naterials,  new 

phases  which  occur  as  a  result  of  gas-gas  interactions  are  considerably  dilntad 
by  imreanted  aaterlal. 

The  irthur  D,  Little  Investigation  was  prinarily  a  developmt  of  vapor 
deposition  apparatus  for  obtaining  to^eratiirss  above  1700%  and  producing 
ih^s  of  4  by  8  In  slass.  They  showed  feasibility  of  directly  depositing 
sirooni»  and  hafniaa  diborides  by  theraal  decomposition  of  the  oorrespondlng 
borchydrldeo* 


The  optiana  deposition  te^>eratores  for  the  various  aetal  borides  of 
interest  been  listed  by  Ca^)bell,  et  al,  (44)  es  followst  titaniiai  boride 
(1000-130^,  1B3(M730%),  airooniua  boride  (170(L^2$(X)%,  3O9On(530%), 
hafhiw  boride  (1900-2700%,  3430-4890%),  vanadiua  boride  (900-1300%,  1690- 
23^),  taatalaOaride  (1800-2000%,  3270-3630%),  ohradoa  boride  (1200- 
1600%,  2190-291X)%)«  laising  the  depositian  tempf  ture  aad  reduelnt  the 
eenoentratictt  of  halides  in  the  vmpor  proaotes  the  developasat  of  coarse  grains 
in  Ihe  prodnot,  Ihoreasiag  the  d^ositien  rate  with  high  halide  oonoentrations 
or  lowering  the  siibstrate  te^srature  censes  the  precipitation  of  a  flne-gralaod 
aaterlal-  la  bolh  oases,  the  product  seeas  to  be  purer  than  original  volatile 
oonpounds.  Sdaoe  a  great  deal  of  the  reeeat  vork  on  vi^or  deposition  has  been 
on  hii^ily  anisotropic  Bl  or  C,  sons  acans  of  ooaparing  or  relating  than  vith 
the  boridas  is  essential,  Tbfartanately,  it  appears  that  thay  are  basically 
different,  in  that  borides  do  not  possess  the  stacking  advantages  of  highly 
anisotropic  aaterials.  Therefore,  the  vi9or>4eposited  TiBg  aad  in  aas- 
sive  fora  vill  probably  not  riiov  a  significant  difference  in  properties  fron 
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hot  prooMd  prodxiet*.  idvantagos  that  mlicht  ba  Mooted  Aron  nttorial  pro- 
olpitatod  Aron  the  rapor  are  lletedt 


1.  Hi|[h  denai^  and  reaietanoe  to  oaddatlon. 

2.  Fomlng  dease  borldee  la  ahapee  that  are  aot  readily  adaptable 
to  hot  presaiag* 

3*  Aroduee  a  ultra  fiae  powder  for  rapid  deaelfloatlon  oo  hot 
preeelag. 

la  eodepoeltloa  there  exlate  the  poteatlal  of  foralag  two  phase  aystena 
hayiag  a  nore  latlmate  dlepersloa  of  the  two  phases  th^p  oaa  be  famed  by 
aoraal  oaranlo  tecbalques.  This  method  consists  of  depositing  the  dlborldes 
Aron  a  mixture  of  halide  vapors  which  oootaln  the  same  halogea*  The  praotloa- 
bUlty  of  preparing  such  materials  la  massive  form  for  large  soale  use  Is 
presently  questionable. 


Depositing  borides  by  the  thermal  deoonposltlon  of  the  corresponding  metal 
borohydride  has  been  performed  with  titanium,  siroonlum,  and  hafnium.  The  vanor- 
iaation  temperatures  required  for  these  materials  were  listed  by  Campbell  (23) 
as  follows t 


-20  to  ^25*^ 
-20  to  ^25*^ 
-30  to  /25‘fe 
150  to  200% 


The  deposition  temperatures  range  around  200  to  300%.  These  cos^ounds 
deposit  more  readily  at  reduced  pressure.  This  method  is  not  suitable  for 
large  scale  production,  since  most  of  the  borofaydrldes  decompose,  to  some 
extent,  at  roon  temperature. 


7.  qrvmtMlmt  The  Bost  recent  studies  performed  with  dlboride 

crystals  Is  of  primary  concern  la  this  report.  The  two  investigations  of  most 
recent  Interest  were  performed  by  Kiffer  (30)  and  lynch,  et  al  (45)  •  Abstracts 
of  both  thess  reports  Is  found  in  Mppndix.  II.  These  two  studies  deal  with 
Tlfi2.  A  study  Is  presently  being  perfomed  by  Arthur  D.  Little  under  an  Air 
Force  contraot  coneemlng  sane  refining  methods  for  producing  single  crystals 
of  2x^2  HfB2.  Qenex^  lafogmatlon  oonoemlng  earlier  work  of  single  di- 
borlde  orystals  can  be  obtained  in  references  22  and  23. 


The  objective  of  the  Investigation  by  Kiffer  was  to  produce  single  orystals 
in  slses  suitable  for  property  measurement.  The  sises  were  to  be  at  least  1/4 
Inoh  dlamster  and  l/^'lsoh  long,  lb  reports  ^  the  preparation  of  this  sise 
crystal  were  found  In  the  literature.  A  proprietary  method  was  developed  for 
growing  TlBo  orystals.  The  method  was  slirflar  to  the  Femeuil  method  in  that 
the  powered  raw  material.  In  a  hot  gas  stream,  is  deposited  on  the  molten  sur¬ 
face  of  the  orystal  being  grown.  A  aro  heat  source  was  Tised  Instead  of  the 
usual  oonbustion  type.  The  growing  orystal  was  shielded  from  surroundings 
with  argon.  The  growing  orystal,  or  boule,  was  a  cylinder  and  oriented  so  that 
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tb«  uds  VM  ▼•rtloal.  The  top  of  the  crystal  was  kept  molten  by  a  flans 
<Mpii>£<ng  OB  it,  Qrovth  occurs  vhen  a  supply  of  poudered  raw  aaterlal  passes 
tlffou^  the  flsne  onto  the  nolten  surface. 

The  powders  usually  used  for  growing  new  crystals  by  the  Vemeuil  tech¬ 
nique  were  specially  prepared.  The  particle  size  nist  be  controlled  to  sTold 
nnolsatian  of  new  grains  and  to  produce  a  unifom  dispensing  aaterlal.  In 
Tiev  of  thlsy  TIB2  powder  used  was  synthesised  directly  fron  the  eleasnts. 

The  titanium  was  minus  200  mesh  powder  purchased  ftrom  Ifoion  Carbide  Metals 
C<ng>sny.  The  boron  was  crystalline  powder  (greater  than  99!^  boron),  minus  100 
■edi,  purchased  from  U.  S.  Botok  and  Chemical  Corporation. 

The  single  crystal  pieces  obtained  fron  this  method  oontalned  67.4  weight 
percent  and  69*1  percent  titaxiiun,  30.7  and  30.9  percent  boron.  Stoichionstric 
TiB2  contains  66.88  percent  by  wei|^t  titanium  and  31*12  percent  boron. 

The  inreatigation  undertaken  by  lyxwdx,  et  al.,  of  the  Directorate  of 
Materials  and  Rrooesses  at  Aeronautical  S|ysteas  Division  was  to  determine  and 
develop  the  beat  possibje  msthods  and  te<dmiques  of  sectioning,  mounting,  grind¬ 
ing,  polishing,  and  etching  of  single-crystal  and  poljorystalline  TiB2*  This 
report  is  the  first  one  that  presents  metallographie  te^iaiques  and  procedures 
to  characterise  the  dlborldes  and  establish  a  basis  for  future  development  work. 
All  the  4)eoimens  used  were  supplied  ^  the  Linde  Company. 

The  techniques  determlaed  by  this  investigation  to  be  the  best  for 
nsehaaical  preparation  of  TiB2  crystals  is  shown  as  reported  in  figure  2. 

The  best  etchants  ware  detemixMd  to  be  a  solution  of  5  parts  conoentratad 
6260^  5  parts  eonoeatrated  HIO«,  and  4  to  10  parts  distilled  H2O1  or  for  the 
eleetrblytic  method  a  mixture  of  6  parts  methanol  to  1  part  concentrated  6260^* 

8*  Brnniiremsn^  ijf  Dlborldeai  Air  Force  Contract  33(697)** 

66i39  initiated  on  4  Msy  1962  by  Nanlabs,  Incorporated  of  Cambridge,  Massachusetts 

hl^  temperature  iq^Iloatlons*  The 
was  obtained  from  all  data  sheets 
was  written*  TSblss  711  -  XI  sv^ 
at  that  tine. 


was  to  investigate  boride  compomds  for  very 
sslseted  Information  provided  In  this  report 
solicited  by  Mahimbs  at  the  time  this  r^ort 
marlss  the  proowrsmsnt  information  avai  labia 
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figure  2.  Schematic  of  Metallographlc  Procedure  for  TiBg  bj) 
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TABLE  VII  t  PROCURIMENT  SOOHCBS  FOR  TIB2 


Purltj 

Soure* 

% 

Miorona 

Naafa 

Coat 

AMrlean  Potaah  ft  Chemioal  Co 
99  Purk  kyrm 

York  16(  H«v  York 

99.1 

6J2 

|15Ab  1-4  Iba 

5-24  Iba 

U.  S,  Borax  ft  Chemioal  Co 
Reaeareh  Laboratarj 

New  F^odueta  DerelopBent  Dept 
412  Creaent  Uagr 

Anaheim,  California 

99.^.3 

5-10 

|10.50/lb  0-20  Iba 

Kaveoki  Chemioal  Compazqr 

22  Uat  42nd  Street 

Hev  York  17,  Hev  York 

99.5 

-325 

»ll.50Ab 

Cooper  Ketallurgioal  Co 
Cleveland,  Ohio 

99.2 

-80 

|181.00/lb 

Millmaster  Chemioal  Corp 

99  Pwk  Avanna 
lev  York  16,  lev  York 

99.5 

-325 

|l4.00Ab 

TABLE  VUIt 

PROCORBffiBT  SOOICBS  FOR  ZrB2 

Parity 

Partiole  Siae 

Souroe 

% 

L^::!nzi3 

Coat 

IT.  S.  Borax  ft  Chemioal  Co 
Reaeareh  Lal>orator7 

Hav  nrodneta  Devalopawnt  Dept 
412  Creaent  Vfaj’ 

Anaheim,  California 

97.’^.2 

5-10 

HO.SO/lb  0.20  Iba 

Carborandnm  Coqianj 
■ev  Rroduota  Diviaion 
liagara  Fhlla,  lev  York 

96.83 

|85.00/lb  2.0  Iba 

Cooper  Ketallnrgioal  Co 
Cleveland,  Ohio 

98.84 

.80 

•295.00Ab 

Nillmaater  Chemioal  Corp 

99  Park  Avenoe 
lev  York  16,  Rev  York 

97.55 

3-5 

♦25.00/lb 
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TABU  nt  PROCDRBffiBT  SODBCBS  FGR  llbB2 


Parlt7 

Souros 

Hash 

Cost 

U.  S.  Borax  &  ChMBioal  Co 
Bosearoh  Labcratorj 

Hov  F^oduets  Doralofnent  Dept 
412  CNMBt  Uoj 

AnaholB,  California 

99.99 

10.15 

|105.00Ab  20  lbs 

Kavaekl  Chaaloal  Coapanj 

22  Bast  42Dd  Straat 
lav  York  17,  lav  York 

99.99 

1105  .OOAb 

Cooper  MataUiirgloal  Co 
Cleveland,  Ohio 

99.32 

-100 

l454.00Ab 

Mlllnaater  ChraAeal  Corp 

99  Fkrk  Avemio 
lev  Yoric  1£,  lav  York 

98.5 

Hoo.ooAb 

TABU  Zt  FBOCUBDOn  SODBCBS  FGR  TAB2 
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TABU  ZIt  FSOGDRBBR  SODBDBS  FOR  BfB2 


Fttrltgr 

Sonroe 

% 

Cost 

Carbomndun  Coapanj 
lev  Aroduots  Division 
llagara  Fails»  lev  York 

97.34 

lA20.00/lb 

Hah  Chang 

233  Broadvagr 
lev  York,  lev  York 

99.55 

|650.00Ab 

1?.  FRORBIllS 

OlOfEilL  A*  InfonMitlaB  ooBtalnsd  in  this  MCtlon  !•  baa«d  primrUj 
on  dlborldof  of  th«  transition  nstala.  ▲  dstallsd  knowladfs  ot  propartiss  of 
thaaa  natarials  is  laoldng.  The  Utsratiira  points  oat  the  insnffiolenoj  of 
property  data  oonoeming  the  borides.  The  transition  ^roup  of  dlboridss  are 
obarsotarlied  bgr  the  properties  listed  belowt 

1.  Hl|^  nelting  point. 

2.  Ixlrene  hardness. 

3.  Hl^  themal  eondnotlTltgr. 

4.  Hlih  eleotrioal  oonduotlTltgr. 

5.  Corrosion  reslstsaoe  siaUar  to  the  carbides  and  sUloldes. 

6.  SoUble  In  fused  alkalis. 

7.  Conaidarabla  solubility  in  aoids*  espeelally  nltrlo  aoU. 

S.  Stable  In  the  preaenoe  of  oarboni  IhBi  Is  unstable. 

9.  Obrtdatlon  reslstanoe  at  high  teaperattre  Is  nothing  exoeptlonal. 

10.  Bone  of  the  dlborides  Is  a  sqperoondnotor  (63-64). 

11.  All  dlborides  esnept  ZrB2  are  vaaklj  paraaagnetlo  (65). 

The  struotura  of  the  dlborides  of  groups  44»  54>  and  6A  of  the  periodle 
olasalfloatlon  is  slnllar  to  that  of  gri^bite.  These  borides  hSTS  alternate 
leqrars  of  natal  and  boron  stow  nomal  to  the  o-ozis»  each  natal  aton  haring 
tuelre  equidistant  boron  neighbors.  The  boron  plane  oonsists  of  atons  in  a 
hexagonal  arrangenant. 

Data  on  the  hi|h  tenwature  stabllitgr  of  the  borides  is  soaroe,  but 
Inrestigations  bgr  ZiessUng  (14)  ladloatad  that  borides  of  the  transition 
olaaants  are  slidlar  to  the  hjr^idesy  oarUdesy  and  nitrides  of  these  elanents. 
In  uhiSh  stabllitgr  deoreases  vlth  Inoreaslng  atonlo  anaber  of  the  transition 
elenant  vlthln  the  period.  Borides  are  nore  resistant  to  oxidation  than  ths 
aboTs  tgrpes  of  natarials.  Thojr  resist  oxidation  up  to  12O0%-13OO%  (2192^- 
2372^)  in  air,  although  superfioial  oaddatlou  ooours  at  louar  teaperatures. 
Tanadins  dlboride  Is  onldlsad  aiqareolably  at  1000%  to  1100%  (1832^-2012^) 
and  tantalun  borides  at  1100%  te  1200%  (2012%‘^92^1*  Ziroonlta  dlboride 
is  fiairlgr  resistant  to  1300%  or  140^  (2372*^-^52%*) ,  and  tltaniun  dl¬ 
boride  vqp  to  1400%  or  1500%  (2552%-2732%) »  although  sons  oodde  flln  Is 
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fovMd  at  th«M  hi^MT  tM^mturas  (43)*  Cliroaium  barldss  la  raportad  to 
raalat  oaddatlan  at  hi|^  ta^Mratiaraa* 

The  atrea^^iaidht  ratio  of  Tlfio  la  not  axseedad  Toy  aagr  othar  hulk 
■atarial  trm  1600%  (2912°P)  to  aboaa  2000%  (3632^)  (43).  Vary  Uttle 
InfcnaatioB  on  tanalla,  ooapraaalaa,  banding*  Inpaot  and  atMaa  ruptora 
atarangth  la  arallabla. 

A  fav  of  tha  ralnaa  nhioh  are  available  Inolnda  the  flezoral  atrangth 
of  tltanina  dlborlda  (96  pareant  thaoaratioal  danal^)  vhloh  haa  bean  raportad 
to  be  35*000  pal  ftroai  25%  to  2000%  (77^-3632%^)  vlth  a  nodnlna  of  alaatiolly 
of  60  z  10^  pal.  Tha  eoapraaalva  atrangth  baa  bean  raportad  aa  97*000  pal  at 
rooBi  tanparatnra.  For  slnoclni  dlborlte  aodnlna  of  wptnra  valxwa  are  raportad 
fbon  8*000  to  29*000  pal  at  room  tanparatura*  with  a  tanalla  atrangth  of  ^*700 
pal  and  a  nodnlna  of  alaatloltj  of  z  10”  pad  (43)  • 

lo  qrataaatie  aaardh  of  the  thamal  riiook  propartloa  of  tha  bcrldaB  baa 
bean  parfomad.  Tha  thamal  and  naobanleal  oharaotarlatloa  of  tha  borldaa 
Indloata  they  nl^t  bava  ralatlvaly  good  thamal  ahook  raalatanoa  vhan  eon- 
pared  vlth  othar  earaade  aatarlala. 

In  ganaral*  data  haa  bean  obtalnad  on  prodneta  proeaaaod  by  noldlng  and 
alntarlng  or  by  hot-praaalng.  Tha  parity  la  ganarally  graatar  than  97  pareant 
bet  vary  Uttla  atndy  haa  baan  oonplatad  on  hl|dHP<vl'i7  aatarlala. 

The  property  data  raoordad  on  ^  foUoidi^  pagaa  laolndaa  only  Infoma- 
tion  avmlikbla  in  the  Utoratora  ooneaming  all  ty^a  of  propartloa  of  apaelfle 
dlborlda  binary  oo^Monda  and  thorlnn  tatraborlda.  Tha  variation  of  propartlaa 
aa  pnbUihad  la  arplalnad  by  tha  foot  that  noat  of  tha  data  la  of  naaaoronanta 
vlth  ineoaplata  baakgroond  on  parity*  poroalty*  and  heat  traataant.  Oifortanataly 
tha  ral lability  of  tha  data  la  dlffl^t  to  aatlanta  bat  navartbalaaa  la  Intar- 
aating  and  poaalbly  of  aona  valna  aa  a  goida  for  tha  aatarlala  anginaar. 


TABU  zni  NILIIBB  FOOTS 


Natarial 

Molting  Fointa  la  Dagraaa  Cantlgrada 
(2!  (677  (43) 

(26) 

WB2 

2960 

292^ 

2900 

2900 

2960 

2600 

260& 

3050 

3040 

ICB2 

3100 

324$5 

3240 

3000 

3250 

210(^60 

235^ 

2400 

2100 

2400 

Mg 

2900 

3050 

900 

3000 

TAB, 

3200^ 

3200 

3000 

3100 

GrBg 

1650 

190^ 

2150 

1850 

2200 

IhB^ 

2500 

20 


mmm?  I  hr  iMu 


TABLE  Zint  TABDLATIOi  CT  MELTIBG  POUTS  OP  D1B0B1D18» 


Materlil 

High 

Dogroos  C  Oogroos  F 

IiOV 

Dagraaa  G  Dograaa  F 

TIB2 

2960 

5395 

2900 

5250 

2rB2 

3050 

5520 

2680 

4855 

HfB2 

3250 

5880 

3000 

5430 

2400 

4350 

2100 

3810 

Ib^ 

3050 

5520 

2900 

5250 

TAB2 

3200 

5790 

3000 

5430 

CrB2 

2280 

4135 

1850 

3360 

ThB^ 

2500 

4530 

— 

— 

*V«laM  r^proMBt  hi|^  and  ] 

bov  aidlM  of  a  raaga  aa  roeerdad  Sb  TAbla  ZU. 

TABLE  mi  TBEHMAL  EXPAISKS  (26) 


Tanparatura 

Baagt 

ftqpanaloa  OeUT^  par  C) 
lamga  Spaelfio 

*a  *1)  Avaraga 

m.aO00%(1830PF) 

5.5 

0-1200% 

6.63 

0-1200% 

5.5 

O-1200% 

5.8 

0-1200% 

7.5 

0-1200% 

7.9 

8.3 

0-1200% 

5.12 

0-1200% 

11.1 

<OSr«etioM  of  tlM  «  «bA  e  cwo. 
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3'a«nxv»3dif<3j. 
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From  OTS  -  PB  161  194  “Roiraclory  Motoriols' 

7£cure  3.  ^Ccmparisoa  of  Borlte  Melting  Points  with  other  Refractory  Materials 


Exponsion,  ptr  L,  in  10  Inches  per  inch 


Figure  4«  Thencal  Expansion  of  Tantalus  Oiboride  83) 

^clmea  supplied  by  General  Electric  Coopany.  Pressed  and  sintered 

of  theoretical  density,  density  equals  12.15  s/ca^  3/4*  diameter 
z  approximately  3"  length.  Test  method:  graphite  tube  dilatometer. 
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ExpOMion,  /iL  p«r  L,  in  IO~”  IndiM  ppr  Inch 


Figure  5*  Thermal  Expansion  of  Zirconium  Diboride  (Paf  63) 

Specimen  supplied  by  Norton  Company,  Hot  pressed,  70-75S8  of  theoretical 
density,  density  equals  4*14  g/cm,  3/4*  diameter  x  approximately  3* 
length.  Teat  methodi  graphite  tube  dilatomater. 
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Tamperatur*-  100*  K 
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T«mp»raturt,*K 


Thermal  Szpaxiaion  of  CrB2 
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TABLI  x?i  nmttL  nPilSIOi  cr  BOUDIS  (85)  (CORHOD) 


i 

i  t 

1 

• 

Id 

1 

lUhlijh 

M  1  i  ^  ^ 

1 

o 

1 

5  1 

ffffffrjfl 

iiifiinilli 

i 

IIIIIIIIQIIIIIIIIIIIQIIQI^ 
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Thcrmol  Conductivity-  Btu/hr/ ft /•F /in. 


Figure  8.  Thermal  Conductivity  of  Zirconium  Diboride  CRdf  83) 

Specimen  supplied  by  Norton  Company.  Hot  pressed.  70-75^  of  tlMoretioal 
density,  density  equals  4.14  g/em^*  3/4*  diameter  x  approximately  3/4* 
length.  Test  method  i  Radial  hect  flow  calorlMter. 
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Thermal  Conductivity  -  Btu/hr/ft  /*F/in. 


Figuro  9*  Thanaal  Conductivity  of  Tantalm  Diboride  CKaf  83) 

Spaciaan  aupplied  by  Ganaral  Electric  Company.  Pressed  and  sintered, 
of  theoretical  density,  density  equals  12.15  g/ea*  3A* 
dianater  z  approziaately  3/4*  length.  Teat  Hethodt  Radial  heat 
flow  caloriaeter* 
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TABLE  mt  TBBRMAL  COVICTIVITIIS 


Dlborido 

Toaporatiiro 
(?)  (®F) 

CoBdaotlTlty 

Gal  000*^,  e»“^*  o»  *WU/tr/tt^/’*F/ixioli 

Boforoaeo 

TiBs 

TIB2 

2rB2 

ZrB^ 

HbB2 

HbB2 

T0B2 

CrBj 

23 

200 

23 

200 

23 

200 

20 

20 

73.4 

392 

73.4 

392 

73.4 

392 

65 

66 

0.056 

0.063 

0.056 

0.055-0.060 

0.040 

O.O47-O.O62 

.026 

.076 

168.2 

163.0 

168.2 

159.6-174.1 

U6.0 

136.3-180.0 

75.5 

222.0 

26,71 

71 

26,71 

71 

26,43>71 

71 

26,43 

26 

*Slld6  rnl«  oaleul|tlfliM  usiag  tlw  eoBrarslgn  faetori  to  eonvort  trm  ealorios, 
graa  (15%)/Me.eii^/(m  to  bta(M«a)^  ft^/iaeh,  ■ultiplj  bf  2902.9  u 
givtn  In  Loago'o  Hundbook  of  C)M^it^>  8th  odltion,  1952. 


TABLE  Xmt  BEAT  CAPABIIX*  (26) 


Dlborido 

Boat  Cuaeltgr 

C  ISy,  oal^yoB  dogroo 

TIB2 

151 

ZrB2 

120 

lifB2 

60 

TO2 

160 

■»2 

100 

Ttt2 

58 

OrBg 

112 

*IOBporow  ipooiMU. 


_  _  Tory  littlo  data  io  afallablo  la  tho  opoa 

litora^m  oa  tharaal  Aook  roolataaoo  of  biaary  dlborido  eoapooBda.  To 
i^provo  thonal  ihoek  rooiotoaeo  tho  aitridoo  of  boroa  or  olllooa  «hieh  poo- 
■000  hi|^  thoraal  Aook  rooiotoaoo,  oro  roeooModod  by  Soboooot  (26)  to  bo 
oddod  to  tho  dlboridoo  la  qooatltioo  ao  —nor  thoa  15  poreoat. 
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Orytal  Stmotiafi 


TABU  Xmil  CRXSTAL  aTROCTIIBIS  AH)  UTT3CB  PARAMDIBS 


WwliMiBil  firwtrttoii 

*TABUXni  DUSZn 


Borite 

fMtaniVW 

B*f«r«no« 

«2 

6.1 

6.0e5-6.X7 

6.2 

22,33»43 

72 

27 

and  SSstwad 

4*04^3.31 

34»* 

WBa 

Tlworttloal 

4.S0^$2 

4U0 

22»33»72 

43 

4.61 

15 

X-ny 

5.1 

22 

Ftt— d-w It 
•laotrOljsis 

5.28 

8,43 

«CoiitliM«d  on  p&g*  34v 


(§)  METAL 
#  BORON 


Elgtare  10.  DLboride  Structure  CMB2) 

The  structure  1«  of  the  C'J2  type,  space  group  D’6h  -cGauan,  with  metal  atoms. 
St  0,0,0  and  boron  atoms  at  I/2,  2/3,  1/2  and  2/3,  I/3,  1/2,  The  unit  cell 
cmta^s  one  molecule  of  MsB.  This  structure  corresponds  to  sltemats  layers 
of  metal  and  boron  atoms,  parallel  to  the  basal  plans  of  the  lattice.  As  ths 

"i**  increases,  both  a  and  c  dimensions  of  the  lattice  increase 
and  the  axial  ratio  also  increases  slightly. 


TABU  mi  DIBSITX  (OORUOD) 


Bor  Ida 

Font  or  Maaaurwut 
Taohnlqoa 

Bafaranoa 

■bBj 

X-ray 

6«4^6«60 

15 

7.21 

22,43 

IkB2 

FyanoMtrioally 

U.0-11.70 

15 

Zi«ay  (thaoratioal) 

12.6 

22,43 

CrBa 

X-ray 

5.6 

22,43 

ThB^ 

X-ray 

8.45 

BfBo 

X-ray  (thaoratioal) 

11.2 

2,43 

IjroBOBMtrioally 

10.5 

2 

**nMaMd  slroonioi  dlboril*  powi«rs  (2  to  3  Bleroii*)  jportlolo  ■howtd  a 
■iaor  daaa^  IncoroaM  at  tha  toaparatura  up  to  2200X,  and  a  lajor  iuoraasa 
abova  2100X  to  2400X. 


TABU  ZXt  BASnSS 


Diborida 

Form 

*Bardaaaa 

Bafaranoa 

2rfi2 

Bot  praaaad 

1560(1^100,  KBH) 

72 

8(Moha) 

22 

2200 

vph; 

22501 

,7PB, 

26 

2300 

vph; 

27,68 

TIB2 

Bot  praaaad 

2710 

E-IOO,  DIN) 

72 

I^Oioba) 

22 

337o(vra 

26,27,68 

IB2 

8-90laha 

22 

2800 

VPH, 

' 

26 

■«2 

2600 

,VPB 

26 

TaB2 

2200 

2500 

VPB 

tvPH] 

4ri7“66 

CrBj 

lB00(yFB) 

26,27,43, 

68 

BfBa 

2900(VFB) 

26 

*K-100  -  IXX)  graa  load 
KBI  -  laoop  hardnaaa  wfcar  ^ 

TIB  -  Tiokara  aioraltardaaMy  Sg/mT*  {,30-50  graa  load) 
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The  aierohardnese  technique  for  deterndnation  of  hardness  for  diborldes 
should  obtain  the  most  reliable  results  due  to  their  brittleness  (26), 

The  borides  are  la  general  the  hardest  of  the  metal  Uke  eonqpounds 
(slUoldesi  nitrides,  oarbldes,  eto.},  as  vould  be  expected  from  the  crystal 
structure  and  Interatooio-bond  stren^s. 


TABLE  ZZIt  MIBRGHABDHESS  AS  A  FDICTION  CF  LOAD  (26) 


Dlborlde 

Mlorohaxdness  Kg/nm^ 

Load  Grams 

TIB2 

3050 

20 

4100 

30 

3500 

50 

IbB, 

3450 

4600 

120 

20 

3600 

30 

3200 

50 

3000 

100 

tab. 

2900 

20 

3100 

30 

2200 

50 

1950 

100 

2000 

120 

2000 

150 

ZtB, 

2600 

20 

4 

2100 

30 

1900 

50 

400 

100 

TABLE  Xmt  BBVIllG  STRENGTH  (1) 


Dlborlde 

Fora 

Teap 

w 

strength 

PSI 

Reference 

•WBj 

Hot  pressed. 

19,000 

72,85 

self  bonded 
Hot  pressed. 

29,000 

72,85 

2rB2 

self  bonded 

1000 

39 

26 

26,000 

27 

CrB2 

62 

26 

*The  flexural  strength  of  T^  at  96  pment  of  theoretical  density  vas  stated 
as  35,000  psl  ttm  25T  (777)  to  2000*b  (3632  F), 


35 


TABU  milt  EBMDIHG  STRKNOIH  TIB2  (B4) 


Temperature  (^) 

Strength  (psl) 

Iff 

26,300 

a 

29,500 

600 

55,500 

800 

28,400 

900 

31,000 

900 

39,000 

1000 

39,500 

1010 

34,600 

1200 

32,000 

1300 

35,100 

These  figures  do  not  refleot  the  true  strength  of  the  aaterlaly  due  to  the 
oonslderable  saount  of  ojcidstlon  that  oeourred  to  the  q)eolMns«  Sjpeohwns 
vsre  i4)|iroslnats]j  l.O"  x  0.4"  x  0«2”f  and  were  hot  pressed* 


TABU  Xmt  EDDIHQ  SIBKHOIH  VB2  (84) 


Temperature  C*C) 

Strength  (psi) 

HT 

20,800 

600 

22,000 

800 

21,800 

1000 

23,300 

UOO 

40,500 

1200 

17,800 

*1450 

17,000 

*Bo  bend*  Tory  sersre  oxidation* 


Aooordlng  to  Binder  7B2  is  one  of  the  poorest  hard  netals  for  elerated 
temperature  serrloe,  sinoe  its  poor  oxidation  resistanoe  leads  to  low  strength* 
These  figures  do  not  refleot  the  true  strength  of  the  naterlalf  because  an 
inert  ataoqdiore  vas  not  used*  There  was  no  eridenoe  of  plastic  deforaatlon 
in  these  VBg  speoiasno*  Speoiaens  were  approxiaatelj  1*0”  x  0.4*  s  0*2",  and 
vsre  hot  preset*  (84) 


36 


TABU  XXVt  HOT  DBFOfMAIIGN  TEST  CF  TiB2  (84) 


TeoDerature 

i^) 

mm 

Ranarka 

start 

Piniah 

1690 

E!9 

.785 

Sorfaoe  oxidiaed. 

1790 

.485 

Sone  oraoking,  eapeolallj  at  adgea. 

1860 

.54 

.45 

Craoking,  eapeoially  at  edgea,  aoae 

aurfaoe  oxidation. 

1870 

•52 

•48 

Hit  near  one  edge. 

1870 

.48 

.455 

Craoked  and  broke. 

Teat  Method}  Speclisena,  generally  1.0"  x  0.4*  x  0.2*,  were  heated  in 
air  with  an  (nor-aeatylene  toroh,  qxiloklj  alid  into  the  oup  of  a  amall  irxup 
hajamr,  and  hit  with  a  aingle  aharp  atroke.  A  rough  teat,  but  indioatiee  of 
whether  aateriala  oould  be  hot  defonnad.  Poming  by  hot  preaaing.  Cbe  qpeoi- 
■an  of  VB2  aplit  apart  i^ton  heating. 


TABU  ant  CCMPSBSSIVB  STRENGTH 


Diboride 

Pona 

Teap 

Strength 

(p«i) 

Dltiaate 

Refarenoe 

TiBa 

Self  bonded. 

Boob 

97,000 

72,94 

Hot  preaaed 

20 

135 

26 

1000 

22.7 

1200 

25.8 

1400 

18.3 

1600 

11.0 

&C82 

20 

159 

26 

1000 

30.6 

1200 

24.1 

1400 

CrBa 

1600 

20 

26 

1000 

86.8 

1200 

40.2 

1400 

58.1 

1600 

41.2 

IWotorei  The  typea  of  firaeture  la  diboride  qpeoiaana  daring  ooapreaalfe 
teata  aa  reporied  by  SaMonor  (26)  we  aa  foUowat  At  low  teayeraturea,  brittle 
firaotore  oooorred  in  the  direotion  of  the  ^lied  foroei  at  hi^iar  taaparaturea, 
the  apeoiaena  had  a  harrel-ahmied  appearaaoe  or  foraad  two  tnmoated  eonea, 
ahowing  a  oertaia  degree  of  plaatioity  being  dereloped. 
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An  apparatus  for  subjaotlng  19  to  tan  (10)  ouble  oantiaetars  of'aatarlal 
to  prassuras  of  15*000  ataoaidiaras  at  tanparaturas  as  as  10,000%  was 
dsTalopad  during  a  studj  bj  Hall  (81)  of  Brl^baa  Young  l^Tarsltj.  Tha  purity 
or  grain  sisa  of  powdars  usad  was  not  proridad,  but  salaotad  facts  ftoB  tha 
rap^  ara  raport^  for  ganaral  intarast, 

!•  ^62  Poudart  Arassura  about  9000  ataospharas,  ■arlaBW  taoparatura 
about  690CrC,  A  oonprasaiTa  tast  on  a  1/B*  dlaaatar  by  1/S*  long  spaoloan  was 
run.  Fbilura  oeourrad  at  300,000  psi. 

2.  TiB2  Powdars  P^assura  about  6OOO  ataospharas,  aaxlaM  taaparatura 
about  7000%.  Cba  piaea  .207*  diaaatar  by  3/8'*  1^  was  subjaotad  to  oo»> 
prassiTS  tast.  Fallura  oeourrad  at  417,000  psi  load. 

3.  TiB2  Powdars  Pt’a'ssura  about  9000  ataospharas,  taaparatura 

about  7000%.  Cba  piaoa  .228*  diaaatar  by  3/8*  was  subjaotad  to  ooaa- 
pnsslwa  tost.  Flailura  oeourrad  at  540,000  psi  load. 


TABU  XZTIIt  KLASrS:  MCDOUJS  (26) 


Diboride 

Blastle  Hodulus 
1.10^  Kg/W^ 

TIB2 

54.0 

2rB2 

35.0 

IB2 

27.3 

TbB2 

26.2 

CrB2 

21.5 

TABLE  XXnils  ELASTIC  CONSTABTS  CP  TiB2  (95) 


|Diraotion 

Klastie  Constant 

6.9 

C33 

4.4 

C44 

2.5 

4.1 

Crystals  were  grown  by  aaans  of  aro-fusion  prooaas  by  tha  Linda  Conpany. 
Tha  thaoratioal  density  was  assusad  in  ealeulating  tha  alaatio  oonstanta. 

Four  of  tha  fire  oonstanta  were  aaasurad.  Tha  TiB2  crystal  was  1/4”  in  dla- 
aatar  Iqr  5/8*  in  length. 
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Piwrti— t 


ligur*  11«  ZlrooniuB'Boroa  Phase  Diagram  (Ref  26) 

ZrB2  appears  as  a  intermediate  oongrueat  melting  phase  with  a  Tesy  omtow 
hoBoganity  region  within  the  zirconium  boron  system.  It  ia  the  highest  melting 
eompound  in  the  system. 


Figure  12.  Titanium>Boroa  Phase  Diagram  (Ref  26) 

The  titanium -boron  phase  diagram  has  not  been  completed.  The  diagram 
shown  aboTs  is  the  latest  sTailable  in  the  open  literature.  It  appears 
that  TiB2  will  form  a  intermediate  congruent  melting  phase,  haring  a 
homogenity  region  of  about  8  atom  percent. 
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Figure  13.  CbromltB'Boraa  Phase  Diagram  (Ref  26} 

CrB2  has  been  establlsbed  as  oae  of  the  existing  oompounds  in  the  ebroBtium* 
boron  system.  Data,  other  than  its  stoichiometric  composition  and  solid  solution 
with  Cr^B/i.  is  not  provided  on  present  diagrams.  It  is  presently  the  highest 
malting  compound  in  the  system. 


Figure  14.  HsTnium^Boron  Phase  Diagram  (Ref  26) 

The  diagram  of  the  hafnium-boron  system  Is  not  presently  available  in  tha 
open  literature.  A  preliminary  study  is  shown  in  the  above  figure*  and  showa 
that  only  the  coovound  HfB2  has  been  definitely  established. 

41 


figure  13*  Vanadium-Boron  Phase  Diagram  (Ref  90) 


VB2  ia  the  highest  stelting  phase  (240CPC)  in  the  TenadiuBi-boron  system 
It  is  a  intermediate  congruent  amltiog  phase  and  has  a  narrow  homogenity 
region  on  either  side  of  the  stoichiometric  oomposition. 


MS  20  SO  60  00  B 

o/o 

Figure  16.  Niobium-Boron  Phase  Diagram  (Ref  90) 


NbB2*  lihs  VB2  and  TaB2*  is  a  intermediate  congruent  meltins  phase  and 
the  highest  melting  point  in  the  system.  It  has  a  wider  homogenity  region 
than  VB2»  which  at  low  temperetures  is  about  10  atom  percent. 
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Figure  17*  Tentalum>Boroa  Phase  Diagram  (Haf  90) 

The  tantalum-boron  aystem  is  similar  to  the  niobium-boron  system.  Tafi^ 
is  the  highest  melting  compound  in  the  system  and  is  a  intermediate  congruent 
melting  phaee.  It  also  has  a  hcmogenity  region  at  low  tamperstures  of  about 
10  atom  percent. 

The  thorium-boron  system  has  not  been  inrestigated  to  the  extent  of  con¬ 
structing  a  phase  diagram.  ThB^  has  been  established  as  one  of  the  existing 
eoiq)ound^  in  the  systems. 
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T«ofanlqu«  uMd  is  dAtandsisg  th«  diffusion  ebarsetsr- 
iotios  is  tho  follouisg  tablss  ars  dstoribed  bslow.  (Taksn  dirsetlj  from 
arifisal  artiels). 

SpoeiBonSy  3  to  4  ns  dissster  eylisdars,  v«ro  oharged  with  oarbon  bgr 
plaoisg  tho  speoisona  is  a  suitablo  boldar  and  vara  surroondad  with  lasp 
blaok.  For  saturatloB  vlth  boros,  a  oharga  of  99*1  pareant  purifiad  aBorpboas 
boroB  was  usad  is  a  aixtura  of  3  pareant  IH4CI  as  a  diffusion  aotitator*  Iha 
tias  at  tanparatura  for  aaeh  taaparatura  was  two  hours.  OU  tha  basis  of  wai|iit 
dhangas,  hardnoas  data,  aatallograph^  obsanrations,  and  z>4ra7  asalTsas,  tho 
oflopounds  fomed  on  the  surfaea  vara  dataraisad. 

Diffusion  ooBstasts  (which  ^paar  to  raally  ba  eonstants  aasooiatad  with 
tha  rata  of  growth  of  tha  eoapound  layar)  wara  oalculatad  tram  tha  ralation 

D  (C  .  C2)  ■  CoX 

whara  D  is  tha  diffusion  ooaffioiant,  C  •  C  is  tha  diffaranea  in  eonoantra- 
tioB  of  tha  ■otalloid  ob  the  boundaries  of  tha  lagrars,  and  K  is  dafisad  as 

Z  •  IsjLLzdJaiA  . 

4t 

whara  x  is  tha  radius  of  tha  apaoiaan  (R)  nisns  tha  thioknass  of  tha  dlffusloB 
sona  and  t  is  tha  tiaa. 

Tha  sotiwatiaB  onargf,  Q,  was  ealeulatad  froa  tha  ralation 
D  (C  -  C2)  •  Oq  axp 

Intyrtltfllglffigrtm  Tantalua..BaroB  -Da  5.92  x  10^  asp 

-16,900 6,100}/Rr.  Tha  growth  of  tha  TaB2  phaso  was  usad  for  datarainiag 
tha  diffusion  oosffioiant  ofar  tho  taaparatura  ranga  of  1200  to  200Cni»  As 
prarlouslj  aantionad  tha  walidltgr  of  thasa  Tsluas  as  diffusion  data  is  Tsrj 
quastionabla. 


TABIX  XZXt  DQFUSKII  Di  TARALOf-BOROI  SISTBl 


D 

(C  -  02) 

■Km 

15S55I 

>>0 

C  .09 
(«/«?) 

(0.2/mc) 

1200 

1300 

1400 

1500 

1600 

UOO 

2000 

U.8206 

27.3438 

44.1540 

65.9340 

86.3874 

99.6530 

125.5320 

Ujj 

1280 J  240 

0.216 

IS 
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Hlobit»£oroa  -Da  ^4  x  10^  «qp  -(14>300  /  5400)^  0fv«r  tha  taapar- 
atura  range  of  1400  to  2000%.  The  "dlffuaion  ooeineient”  was  deteraiBed  from 
the  aessured  rates  of  growth  of  the  lhB2  phase. 

TABLE  mil  DIFPOSIOR  IN  NICBIUKJBGRGR  SISEEM 


D 

(C  -  C2) 

Q 

(oal^la) 

J>0 

(caV««j) 

0-02 

(g/ea3) 

(ea^seo) 

1400 

1600 

1800 

2000 

5.4550 

9.5490 

12.1980 

U.0580 

U,130  /  4900 

1420  /  280 

0.254 

5.62  X  103 -p  <.U|p) 

Titenltia  fl<troc  -Da  2.15  x  10^  mxp  -(9>150  V  2»600)^  ower  the  teaper- 
ature  range  of  800  to  1200%.  The  "dlffhsion  ooeffleient"  was  deteraiBed  ftroa 
the  aaasured  rates  of  growth  of  the  TIB2  phase. 

TABLE  milt  DIFFUSION  IN  TITANIDM-BORCN  SISIBl 


D 

(C  -  02) 

Q 

(oal/*ol*) 

0-02 

(g/cJ) 

(ea^seo) 

800 

1000 

UOO 

1200 

54.7000 

U2.4d50 

150.0640 

178.6530 

9,150  jt  2,800 

7880  ^  1230 

0.333 

2.15  X  10^  aoqp 

TABLE  mnit  CHEKICAL  CCMP08ITION  CHANGE  IN  ViCUlM 
AFTER  EEATINQ  TO  1700^  (78) 


Dlboride 

8^- 

ttliESmm 

B/A 

TiB2 

2.21 

2.09 

0.945 

ZrB2 

4.21 

4.21 

1.000 

CrB2 

2.40 

2.59 

1.080 

In  regards  to  oxidatloB  resistanee^  the  borides  oan  he  eoa- 
sidered  as  a  i^eeial  graap  of  hl^  aeXtiag  eo^pooads.  Unlike  the  earhddes  and 
nitrides,  thej  are  not  deoialwelj  inflneneed  hg  the  foraation  of  a  pseDieaarphle 
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imjmr  (Mlid  aolutlaii  of  the  loweet  oadde  fondag  on  the  bouodarj  between  the 
eonpomd  end  the  oxide  leyer).  The  axldetlon  rate  of  dlboridee  le  detondned 
bgr,  the  nature  of  the  oxide  filn  etrueture,  and  Ita  proteetiee  propertlea* 

The  two  proteetiee  proeeaaee  are  eraporatlon  of  the  boron  anhydride  and  fom* 
ation  of  boratea.  Because  of  these  processes  it  is  Inpossible  to  evaluate  the 
oxidation  resistance  of  borides  bj  the  vei^t  ourre  (g/ca^)  (26) . 

The  protective  function  of  the  oxide  layer  nay  be  approxlnsted  by  the 
so-called  Pilling-Bedvords  ratios  Ci  =:M.d/ri>,  where  M  is  the  aolecular  wel|^t 
of  the  oxide  resulting  frosi  oxidation  of  one  graB-BK>lsoule  of  the  oo^poundf  ■ 
is  the  ■olecttlar  wei^^t  of  the  oonpound  oxidiBed  and  D  and  d  are  the  deneities 
of  the  oxide  and  the  conpoued,  respectively.  For  a  •<  1  oxidation  is  continu¬ 
ous  while  for<X  :>  1  there  is  variation  in  ooddation  rate  (26). 

Pilling-Bedvords  Ratio  (0()  for  certain  diboride  ooapouads. 


Diboride 

TiB2 

1.21 

Zrfig 

1.16 

BbBa 

1.71 

TUB2 

1.4B 

The  data  available  in  the  literature  on  temperature  of  oxidation  is  con- 
fhsing  and  dependent  tqpon  the  author.  Some  interesting  facts  were  selected 
and  are  given  in  the  following  paragraphs. 

Caq)bell  stated  that  oxidiaed  at  110&-1200*^»  and  BfB2  in  air  forms 
an  «>»<<<*  film  around  600-700*^.  IfBa  according  to  Samsonov  disintegrates  at 
1000-1200%  (23). 

Zireonitmi  and  titanim  dlborides  have  the  best  oxidatiM  resistance 
being  resistant  for  extended  periods  of  time  at  1300  u  (2370  r)  and  1400  u 
(2550^),  req^tively  (l). 

▲  siroonium  boride  hot  pressed  configuration  being  1.25  inches  long  with 
a  0.375  radius  at  the  end  was  tested  for  i4)proKlaately  tO  s^o^  in  a  Mach  2 
airstreaa  having  a  stagnation  tesperature  of  approxlaately  3800°F  and  stagna¬ 
tion  pressure  of  105  psig.  The  results  of  this  test  by  KA3A  shoved  that  the 
boride  speciasn  remained  intact  (94)  • 


TABU  ZXmt  COBROSIOB  DSPIB  IB  ODUDATIOH  OF  CERTAIN  DIBORIDES 
(Oxidation  Temperature  1000%)  (26) 


(bcldatlon  Tine 

Depth  of 

Dlborlde 

Bmcrs 

Corrosion  (nn) 

Tlfl2 

0.8 

0.10 

TiB2 

9.3 

0.28 

TIB2 

19. 

0.37 

46 


TABLE  XXXIVt  CORR08IGN  DEPTH  IN  OKIDATIGR  OF  CERTAIN  DIBGRIDES  (CONTINDH)) 

(Qxldatioii  Teapcrature  1000%)  (26) 


Diborld* 

(^ddatian  TIjm 

Hours 

Depth  of 
Corrosion  (nsi) 

T1B2 

40. 

0.52 

TiBa 

82.5 

0.62 

TiB2 

102. 

0.59 

T1B2 

U7 

0.58 

TlBj 

170 

0.61 

ZrBa 

170 

0.54 

CrB2 

40 

0.38 

TABLE  Zmt  CHatICALXORROSION  RESISTANCE* 


Boride 

Qenerel  Coasmits 

Reference 

ZrB2 

Stable  in  presence  oarbon;  slightlj  attacked 

b7  oold  ICl,  rapidly  by  HN^»  dissolves  in  aqua 
regia,  reacts  with  hot  8280^,  attaeked  by  fused 
al^ll  hydroxides,  carbonates,  and  bisulfates. 

Baaots  vdth  broun  lead  oxide  and  sodium  peroxide; 
veif^t  gain  in  still  air  for  100  hours  at  1000% 
equals  6  ag/cir,  oorrosion  limit  in  liquid  alumi¬ 
num  eqxials  800%,  behaves  good  in  liquid  steel. 

8,22,27 

TIB2 

Stable  in  presence  of  oarbon;  not  attacked  by 

HCl  or  HP.  Reaots  vitb  H2SO4,  dissolves  in 

HNC9-H2O;  vei^t  gain  in  still  air  for  100  hours 
at  1000%  equals  4^  mg/cm2.  corrosion  limit  in 
liquid  aluminum  equals  1500%,  behaves  fair  in 

Uqtild  steel. 

18,22,27 

NhBa 

Soluble  in  sulfuric  or  hydrofluoric  acids,  stable 
in  presence  of  oarbon,  not  attacked  by  BCl,  HNC^, 
aqua  regia,  dissolves  in  alkali  hydroxides,  car^ 
nates,  bisulfates,  and  sodium  peroxide. 

8,22 

TSB2 

Soluble  in  sulfuric  or  hydrofluoric  acid,  stable 
in  presence  of  oarbon,  not  attaeked  by  BCl,  HNO3, 
aqua  regia,  dissolves  in  fused  alkali  bydreaddes, 
carbonates,  bisulfates,  and  peroxides. 

8,22,27 

ThB^ 

Soluble  in  nitric,  bydroohlorio  acid,  and  hot  sul¬ 
furic  acid,  unstable  in  presence  of  carbon. 

8,27 
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TABUS  mvt  CBEMlCiL^GRROSION  RESISIAICB*  (CONTIIIDB)) 


Borlda 

Oanaral  CoBoenta 

Rafaranoa 

CrB2 

Daooopoaaa  In  atraanlng  anmnnla  at  1100%,  atabla 

In  praaanoa  of  oarbon. 

8,27,73 

TO2 

Stabla  in  praaanoa  of  oarbon.  Insoluble  in  HSl, 

HF,  H2S0^  aolubla  in  HHO3,  daooa^oaaa  bgr  salting 
alkali  faiydroaddea,  oarbonataa,  nltrataa,  and  bi- 
aulfataa.  Baacta  violently  \d.th  brown  lead  oodda 
and  aodiw  parorlda. 

8,27,75 

*S*l«ot«d  artlel*  maiber  3  of  ippMdix  II  provldea  datallad  oovarage  on 
ohwloal  raalataiwa  of  oertaln  borida  eoapocindB. 


iddltloDal  obaarvatlons  aa  raoordad  b7  SaBscoov.  vara  aalaotad  tagr  tba 
author  and  ara  llatad  in  tha  follovlng  paragrapha  (26;* 

1.  Ghroalua  borlda  bgr  hot  praaaiag  raaiata  attack  bj  fttaad  aalta  and 
Mtala,  Inoludlng  eoppary  tin,  nagnaalnif  allioon,  and  tha  flucrldaa. 

2.  Tltanliaa,  sirooclun,  and  ohroaliai  borldaa  foomad  froB  hot  praaalng 
taohnlqua  ahov  praotloalJjr  no  raaotlan  with  fuaad  tin,  biaButh,  laad  or  aiae. 

3*  ChroBlui  and  siroonltai  borldaa  ahov  low  vattabHltj  b|r  aoltan  Iron, 

4.  Coppar  fuaad  in  argon  at  1100-1500%  in  Taowaa  doaa  not  vat  TiB2* 

Uokal  fuaad  in  a  haliw  atBoaphara  atarta  to  vat  TiB2  aftar  about  20  ainutaa. 

5«  Viokal  oorrodaa  tba  aurfhoa  of  BbB2  in  haliuB  vithout  fusion  at  1550%* 

6«  Noltan  ooppar  doaa  not  vat  fBo  at  1100-1400%  in  argon,  but  doaa  vat 
2rB2  and  TUB2* 

7.  Tha  aurfaoa  of  TaB^  ia  not  vattad  bgr  fuaad  ailwer  in  an  argon  atBoaphara 
at  1300%. 

8.  Tba  diboridaa  ara  not  vattad  bgr  ooppar  in  tba  aana  dagraa,  but  in- 
oraaaaa  in  tba  foUoving  aariaat  TiB2>  VB2»  lbB2>  2rB2»  TaB2>  CrB2. 

9.  ZireoniuB  diborlda  at  1550%  in  tsouub  ia  oorrodad  Igr  iron,  niokal 
and  oobalt. 

10.  Hot  praaaad  foraad  oruoiblaa  of  TiB2,  CrB2»  and  ZrB2  praparad  bgr  Horton 
Conpaagr  abovad  appraeiabla  aolubility  in  aoltan  tita^ns  (92). 

Tba  following  taUaa  on  intaraotiona  inTolring  diborlda,  Inoludaa  nanj 
Intaraatlng  obaarvationa. 


Mature  of 
Intaraetion 

1  1 

1  fi  Jl, 

3 

*s 

I3 

H 

u 

sT 

■h 

1 

1 

S 

0 

74  <rt  aH  2 

H  H  H  H  H  ' 

a  ■  •  ^  m'S  ■  8f  1  III  1  11  1  ^ 

•  ee*e*e*l  Ml  1  M  liC 

2  2122212  1 

O 

m 

o 

a 

Holding  Tine 
Hours 

A 

4 

a  aaaaaaal  III  I  II  I  i 

«RS  3  *'"'8  8 

rJ 

<P 

s 

S  III  1  II  1  5 

& 

- 

Melt 

m 

It  If 

iM 

ii 

^  o» 

1 

3  iiiiiaig  g}{  }  |g  j  1 
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LUoo  of  aljigi  97.4«  C«F2,  1.28  SlOjj,  1.12  CaO,  0.075  S,  0.045  P. 

LtloB  of  slags  43.28  ai<^,  1,2  AI2O3,  1.0  PsO,  5.25  CaO,  5.28  MgO,  40.48  >faO,  3.6  CaF- 
Isss  than  1.15%  P. 


TiBU  mmi  arABiun  n  icss»  (a6) 


Dlborido 

Aold 

m 

Uolgbt  Loot  (la  of  J 
Oior  Boriod 

ialtlal 

LflC _ 

TDiy 

4D«ya 

muainimm 

TIB2 

BSl 

1.19 

0.1 

0.4 

0.8 

HHO3 

1.42 

6.1 

15.1 

30.5 

H28O4 

1.B4 

0.1 

0.4 

1.0 

Zxfi2 

HBl 

1.19 

2.5 

4.9 

10.4 

HIO3 

1.42 

5.6 

13.6 

33.3 

H2SO4 

1.B4 

1.2 

4.2 

5.2 

*0oll  aolntionf,  hot  pcvsssd  ipeeiaMis* 


TABLB  xmiiit  aojoBam  n  laOH  aaunicKa  (a6) 

(Boob  t— pwaturo  dnriag  24  baaro»  bollinf  for  2  boura*) 


Dlborido 

loCB(30)(  oolntloB) 

lo(B(109(  oolotlOB) 

llfi2  Cold 

92 

BoUlac 

•oo 

•oo 

2rB2  Cold 

000 

BoUlac 

•0 

VB.  CoU 

64 

MM 

^  BoUiag 

a 

56 

W»o  Cold 

95 

MM. 

Boillag 

95 

lli^  Gold 

o«« 

MM 

*  BoUlac 

•• 

45 

0x02  Cold 

99 

MMM 

BoUlac 

88 

98 

*  Dlborido  poHdoro  produood  bgr  tborBoL^^foomB  m\ 

Oxod  woro  Qood  for  tho 

InrtatlfotloB;  par*  ooapaandt. 

**  Oooo^poiitiflB  of  Boot  of  diborite  vith  aalt  rooidiio  forBatloB* 
bpdroljroio. 
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TABU  ZXXIXt  SOLDBILITZ  II  iClDS  (26) 

(24  hour!  at  root  taaparatara  aad  2  hoora  at  boiling) 


Acid 

TiB2 

ZrB2 

VB2 

m 

TaBj 

OrBj 

SI 

94 

91 

63 

98 

100 

36 

EmSESSl 

58 

6 

3 

91 

99 

3 

95 

93 

62 

99 

100 

51 

I^H 

a 

7 

10 

95 

98 

5 

HI03 

Ccneantratad 

CoU 

28 

12 

1 

94 

100 

99 

Sp.  Or.  1.4 

Boiling 

a 

a 

2 

100 

100 

22 

■■n 

Dilnta  (Itl) 

31 

23 

3 

99 

100 

99 

a 

4 

2 

100 

100 

41 

H2SO4 

89 

65 

49 

100 

99 

99 

rrrtWB 

58 

1 

13 

3 

3 

___ 

Dilnta  (Itl) 

96 

51 

60 

100 

100 

9 

iiiim 

68 

5 

7 

92 

99 

3 

uss 

Coneantratad 

9gaaaa 

63«* 

66** 

100*** 

100*** 

100*** 

mmi 

— 

— 

— 

— 

— 

— 

mm 

Dilnta  (lt4) 

Cold 

98 

89aaa 

62 

100 

100 

100 

BH 

Boiling 

65 

— 

24 

94 

100 

18 

rroi 

Ccneantratad 

CoU 

30 

MM 

4 

100 

96 

■iy 

aa 

■ni 

0 

100 

0 

m 

Dilnta 

CoU 

87 

71 

47 

98 

100 

■w 

Boiling 

28 

48 

2 

88 

99 

■m 

1^204 

Satnratad 

CoU 

94 

55 

60 

97 

100 

44 

51 

5 

17 

50 

94 

2 

'BHI 

Dilnta 

CbU 

89aaa 

AAaajaaa 

58 

93 

99 

97 

IQB 

— 

— 

37 

96 

99 

75 

Coneantratad 

Boiling 

Ka 

25 

13 

44 

20 

2 

*  Coaplata  aolntioB  vith  foraatian  of  b^drbljtia  roaitaa. 

**  l^ild  daeavoaition  of  diborida  vith  foraatioa  of  aalt  raaldiia. 
***  Paoonpoaitl«  of  loat  of  diborlda  vith  fonatioB  of  aalt  raaidoa. 
bgdrolTaia* 
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TABLE  XXZZt  SOtOBUlTr  (F  MUD  ACIDS  (26) 
(24  Houri  at  Roob  TMuparatura,  2  Hoixra'  Bolling) 


hkdlssolTod  Fart  of 

Rssldua  In  t  i 

Aoil 

m 

1^ 

iBa 

Aquarsgia 

Coneantratod  (3  parta 
of  B1  of  Bp,  gr.  1«19 

Cold 

9M« 

B 

71 

99/ 

80 

/  1  part  mrOb  of  sp. 
gr.  1.43 

Boiling 

6 

80 

« 

29 

Dilutes  3  parts  B1 

CoU 

iBjasaM 

BVI 

15 

96 

99 

95 

(111),  1  part  BMCh 

(111) 

Bolling 

B 

6 

/ 

a 

27 

(kalis  Aeid 

30  ■!  of  aaturated 
aolution  /  10  al  of 

Cold 

B 

6 

5 

32 

99 

309K  B2<^  /  10  al  of 
HI(>3  of  ap.  9*.  1.43 

Boiling 

B 

6 

26 

• 

89 

30  al  of  saturated 
solution  |i(  20  al  of 

Cold 

87 

59 

92 

99 

D 

H2SO4  of  ap.  gr.  1.84 

BoUlng 

50 

10 

86 

99 

3 

B1 

35  Ml  at  ap.  gr.  1.19 
/  15  ad  tr<Mlna  aater 

Bolling 

35 

18 

58 

99 

2 

BIO 

35  al  eoneantrated  / 

15  al  oonoantrated  B1 

Cold 

27 

90 

73 

99 

48 

of  ap.  gr.  vater 

Bolling 

•M 

8 

60 

100 

3 

1  port  at  sp.  gr.  I.84 
/  4  ports  of  oonosn- 

Cold 

91 

tHHk 

D 

•«« 

86 

trated  H3PO4  /  2  parts 
of  E2O 

Bolling 

48 

jajasa 

WWW 

23 

6 

B2SO4 

50  al  at  sp.  gr.  I.84 
/5g 

Boiling 

I 

6 

3 

5 

■ 

35  al  at  sp.  gr.  1.84 
/  35  al  of  HRO,  of  ap 

Bolling 

B 

7 

— 

6 

B| 

gr.  1.43 

1 

4M 

D 

HI 

HEOkj 

sp.  gr.  1.43  /  HP  (1 
of  haatlng) 

Bolling 

1** 

4«« 

32 

H 

■ 

*  Burtlal  IqFdroljala, 


**  Vorj  rapid  solution  (15  nlantos). 

■  ■  Doeoi^KMltioB  of  nost  of  barldo  vlth  foraatlon  of  rssidua. 
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Thnw-Fhrra^^  proDTti»st 

table  ZZXXIt  EVAPORATION  BEHAVIOR  AN)  VAPOR  PRESSURE  (26) 


Dlborlda 

Vapor  nreaaora 
mHg 

Rata  of  E^poratioD 
g/emS  aao 

Teanperature 

(«c) 

Tifi, 

3.51  X  lO-f 

0.427  X  10-7 

1200 

8.87  X  10“® 

1.08  X  10-7 

1400 

1.16  X  10-5 

1.33  X  10-7 

1600 

1.97  X  10-5 

2.16  X  10-7 

1800 

2x^2 

0.96  X  10-f 

0.15  X  10-7 

1400 

7.2  X  10-6 

1.C3  X  10-7 

1600 

3.22  X  10-5 

3.84  X  10-7 

1800 

CrB2 

1.71  X  10-5 

2.89  X  10-7 

1200 

3.82  X  10-5 

4.76  X  10-7 

1400 

6.64  X  10-5 

7.68  X  10-7 

1^ 

1.2  110-3 

1.3  X  10-5 

2000 

TABLE  ZZXXni  EVAPORATION.VAPOR.J>R£SSORE  IN  A  VACUUM  (78) 


Diborida 

Vapor  P^aaura 
(p  X  105  M  Eg) 

*Bate  of  Bnporation 
t/aar  me 

Teaparatura 

i^) 

TiB9 

0.350 

0.427 

1300 

0.890 

1.080 

1400 

0.545 

0.63 

1500 

1.162 

1.330 

1600 

1.985 

2.185 

1700 

1.967 

2.165 

1800 

ZrBa 

0.100 

0.150 

L400 

0.834 

1.248 

1500 

0.720 

1.C30 

1600 

i.a7 

1.969 

1700 

CxB, 

3.2srr 

1.710 

1800 

1200 

* 

3.560 

4.520 

1300 

3.820 

4.760 

1400 

1.200 

1.450 

1500 

6.640 

7.680 

1600 

4.620 

4.980 

1800 

niMaur*  bjr  Tjagiir  aathod*  Laboratory  TaeuuB  fumaea. 
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Jiwit  L»ltMk«r  of  tho  Lo«  AIubm  Soiontlfio  lAbonttorj  hM  aado  a 
roeoat  thorougki  atodgr  on  •tnporailoB  babaTlor  of  liroonlia  diborldo,  Ihli 
■tadj  oonsintod  of  —  oiwing  n4>ar  ptroaforoi  of  slreonlm  oft  slreonlan 
dlborito  in  a  tnngatan  onwlbla  cnw  the  ta^peratura  ranga  3420^  to  lOOCff, 
BaaetioB  of  tba  aolU  borlda  vlth  raaldiial  gaaaa  la  tha  qrotaai  prodaelag 
Tolatllo  OKldaa  «aa  stodlad  and  ■aaaurad  praamraa  vara  oorraoM  for  tSa 
laeraaaad  aolatlUlgr.  Dlffarant  orlfloa  alaaa  vara  naad  aad  tha  data  thara* 
tram  naad  to  obtain  an  aaaporatioa  ooaffielant  of  0*025  /  0*010*  iooordlag 
to  Laltnakor  2rB2  vaporlaaa  to  tha  aquation  2rB]^^QQ^(a)  a  Zr(g)  /  l*906B(gy 
haTiag  an  anthaliij  of  458*3  /  6*5  leal/aola  uA  a^aaoolatad  aatropgr  eha^ 
of  96*4  /  3*0  an*  lha  dlffaranea  batvoan  tha  obaanrad  anthalpgr  aad  tha  oiJu 
onlatM  Mrthalw  (477*4  Ibal^Mla)  waa  aaplalnad  on  tha  baala  of  laoonalat- 
anelaa  la  tha  bMt  of  naporiaation  of  aatalUo  ilreonion  (20)* 


TABU  nmiit  BBAis  or  pomAiiov» 


Olborida 

Baata  of  Fomatlon 
Beal/aoln 

Banarka 

Bafaronoa 

IlBjj 

32*** **** 

70*04 

ABfM^atandaxd  haat 

86 

*****26,34 

^72 

of  fomatlon  at  296^ 

77 

73 

Vaaporatora  ranga  296  • 

96 

-TO 

3253^ 

err 

ar»2 

63*1 

"296 

<**26,34 

>-7« 

77 

65 

96 

lbB2 

36* 

59 

iS,di,7r 

96 

«2 

62 

*»e 

96 

UB2 

52 

63 

26,34,77 

96 

0x62 

30 

19 

“l9e 

26,34,77 

34 

47 

95 

*  Tliaao  aaluaa  vara  bbtainad  bgr  oalonlationa  aad  vara  datandnad  aa  a  raault 
of  tanalaatrloal  aoqparlnanta  and  tha  atndgr  of  tha  wodusta  of  tha  Intaraotlon 
of  borldaa  vlth  altrog«i  and  oarbon*  aanaonofr  (34)  ahovad  that  tha  haata  of 
fomatlon  of  ooigtoiwda  aintlar  to  natal  (borldaot  ato*)  ara  datandnad  bgr  tha 
dlatrlbntlon  of  tha  alaotron  oonfigoration  In  thalr  orjatal  lattioaa* 

**  Ihia  haat  la  a  faetor  of  tvo  laaa  than  that  raportad  br  Bravar  and  Sanaonor. 
▲  naaa  apaetroaatar  vaa  uaad  vlth  a  hi|li  taa|)aratara  Ktmdaan  oall* 

***A  oopj  of  tha  tranalatad  artlola  tgr  auwonor  (34)  la  provldad  In  Appandlx 
n*  Abateaota  U  aad  12  of  i^jpandiz  I  ara  prorldad  for  furthar  Infornatlon 
on  haata  of  fomatlon* 

****Bdnporoaa  bodlaa* 
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TABU  ZZZXXVi  niROR  (26) 


Diborido 

btropy 

eo3/aolo«dogroo 

Tlfi2 

7,52 

2rB2 

10.7 

14.2 

7B2 

7.9 

BbB2 

10.4 

T0B2 

13.9 

CrB2 

9.4 

Koiqporotta  ifMelMns* 


TABU  XXZZTt  THUMianC  BOSSIOi  (26) 


Diborido 

Work  Fonotion  la  Thonlonio 
>dooloB 

TIB2 

3.88  or. 

ZrB2 

3.67  or. 

7B2 

3.95  or. 

■»2 

3.65 

ltaB2 

2.89  or. 

CzB2 

3.36  or. 

TABU  mint  SFE1F2C  HEAT  (F  TiB2  (8$) 


broatlfotor 

Motoriol  Conpositlon 

Toot  Nothod 

BMorko 

i 

Uolfctr,  B.B. 
Mag,  C.F. 
MlUar,  R.R. 

99.7JJ  TIB21  0,2%  B} 
O.lKTta 

Drop  nothod,  eoppor 
ooiorlnotv 

Aog.  oeottor  of 
boot  eontont 
dots  ^  IS 

"Tlw  WMXL  ■pMifle  hMt  of  CrB2  Gt,  79*9%  B,  0,09%  G,  0*Jfil%  fm) 
ma  dotonliMd  on  «  wtor  ealorlMtor  sot  for  tbo  tayirotiiri  ruiBO  trm 
room  twpwtw.*  to  300,  400,  900,  600,  700,  and  800^.  Ota  tho  bools  of  tlis 
dots  obtoixMd  tho  foUowlBg  oqootloB  for  tho  rolotiOBOhip  of  qpoelfie  hoot 
to  t«porotero  ooo  dotolop^  bif  tho  aothod  of  looot  oqtau^dt  e  s  0.1JI42  / 
I«Q3  •  Itr^,  An  oq;aotion  for  tho  tnw  opoelflo  hoot  e^pooi^,  o  S  0«10(^  / 
2*06  •  10*^,  Koo  oloo  ohtoiaod*  (86), 
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Figure  18*  Sntbalpy  aad  Heat  Content  for  orB?  and  TaR2  (8ef  83} 

Specimen  supplied  by  Norton  Company,  hot  pressed,  70*73^  theoretical 
density,  density  equals  A *14  g/cm^  J/W  diameter  x  approximately  3* 
length.  Test  Methods  drop  technique  •  ice  calorimeter. 
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TEMPERATURE 


Fiffurs  19.  Specific  Heat  of  TiB2  (Ref  85) 


TABU  xzxmit  3r01DHI(MEIR3C  CHARiCTERISTlBS  AH)  SPKIFS:  GRA7ITT  (26) 


Dlboride 

ajpeeifio  OraTltgr 

Molecular 

wt. 

CcBtsnt  of 
NoBMtal 
%  tgr  tft. 

Rsgion  of  Hobo* 
atoB  % 

WB2 

69.54 

31.1 

e?-15 

4.45 

ZrBj 

112.86 

19.18 

— 

5.8 

HfBo 

200.2 

10.8 

... 

10.5 

TO2 

72.59 

29.8 

— 

4.6 

"*2 

114.55 

18.9 

6.0 

TSB2 

202.52 

10.7 

... 

11.7 

CrB2 

73.65 

29.4 

— 

5.6 

Total  omlsslvlties  of  NbB2  vere  eoopitad  bgr  General  Eleotrio  Coapangr 
(82)  and  recorded  as  follovst 


Total  BDissiTity 


Te«>eratMre  of  libB2 


1540*^  2322®F  ,29 
1800<^  2790°?  .32 
2000<^[  3150®F  .35 


Abstraot  13  of  Appendix  I  is  concerned  with  the  ealssivity  of  ZrB^  and 

HfB2. 
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.4  Oj5  0.6  0.7  0B0.9  I  2  3  496789  10 

MICRONS 

Figure  20.  Sp«ctral  fialssiTlt/  of  NbB2  froB  Mieroos 

and  at  1800<*K,  200G^K  (Raf  82) 

The  abB2  apaeiaaD  was  aanufacturad  by  Carborundua  Co»,  Latroba,  PannsylTania. 
Thrity  not  givan,  but  stated  as  being  of  high  purity.  Taat  was  run  in  1«5 
atBOSphsrss  of  purified  argon. 


TABU  xmvillt  KUBTRICAL  rbsishvhus* 


T«ii|^^ture 

Bsalotlvitgr 

Toapentaro  Coafflolant 

Diborlda 

Mioroha*  ob 

of  Baalstl-fltj  p.l03 

Bafaraaoa 

TiB2 

Boca 

15.2-28.4 

22,70 

Pooa 

U.4 

2.78 

26 

Room 

15 

43 

Boob 

9-15 

27,68 

ZrBa 

1600 

87.6 

70 

1S25 

102.2 

70 

21B5 

113.5 

70 

2305 

118.2 

70 

2445 

132.7 

70 

2635 

139.1 

70 

Booai 

9-11 

22,43 

Rooa 

16.6 

1.76 

26 

Boob 

7-10 

27,68 

Boob 

16 

22,43,70 

Boob 

19 

3.16 

26 

Boob 

16-38 

27,68 

lftaB2 

Boob 

28.4^5.5 

(zx/O.LSO 

70 

32 

22,43 

Boob 

34 

1.39 

26 

Boob 

12-65 

27,68 

IkBj 

Boob 

68.-86.5 

tW0.085JD 

70 

68 

22,43 

Room 

37.4 

1.48 

26 

Boob 

14-68 

27,68 

CrBa 

Boob 

21 

22,43,70 

Boob 

56 

3.1 

26 

Boob 

21^56 

27,68 

HfBj 

Boob 

10 

8.8 

3.6 

22,43 

26 

•Tiuyliig  poroaitj-ATmig*  flgar««* 


TABLE  XCCZIXt  HALL  COEFPICIENI  .  THERMOS  (79) 


Dlborlds 

Ball  Constant 

Thsmo-bf 

V/dsg. 

TiB2 

-17.8 

-5.1 

CrBg 

-1.1 

—6.8 

HbB2 

-2.1 

-1.4 

HfB2 

-17. 

— 

7B5 

-1.1 

— 

ZrB2 

-17.6 

/L«2 

TaB2 

-2.2 

-3.1 

NOTE  I  Sm  abstract  14»  Appsodlz  I. 


TABLE  XZXEXt  SOFBBCON>IET1VITI  (26) 


Diborlds 

Tsaparaturs  of  Transition  into 
SuporeanduetiTs  Stats  % 

TIB2 

<1.26 

ZrB2 

<1.8 

HfB2 

1.26 

7B2 

^1.9 

miB2 

<1.27 

TbB2 

<1.3 

TABLE  ZXZXZIt  VZH)BUHN.JRANZ  RATIOS  (71) 


Diborids 

VJ  Ratio 

TiB2 

165  X  UrB 

ZrB2 

154-213  X  10^ 

lbB2 

179-262  X  KT® 

TaBg 

225  X  icr® 
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iteifir  rrwtEyiiA 

TABU  mmit  RIDliTIOH  (26) 


Diborida 

Ta^;>a(i|Jg^  Banga 

Badiation  Coaffiolant** 

HrB2« 

800-1700 

0.88-0.93 

ZrB2 

800-1700 

0.89-0.92 

TiBa 

800-1700 

0.71 

800-1700 

0.72-0.76 

CrBa 

800-1700 

0.72 

*  RalatlTtly  hi^  ooeffielrat. 

**Int«rpolat«d  ttom  graph.  Inereaaaa  llnaar  vlth  taaparatura.  Tha  taohnlqna 
UMd  for  aaaauraMiit  of  tba  radiation  ooaffielanta  ia  daaoribad  la  "Optlea 
and  Spaotroaoapj”  (Cptlka  1  Spoktroakipija) »  I960,  8,  410,  bf  Sarabrjakota, 

T.  I.,  Fadamo,  Id.  B.  and  Sanaonor,  G.  V. 

mth  Matalllo  Matrix  (93)  i  Tba  data  on  tha  following 
tablaa  waa  obtalnad  firon  borida  eaa|>oiiBda  haaiag  tha  foUowlBg  oharaetariatioat 

1.  Poudar  aiae  avaragad  2^  aierona. 

2.  CoU  praaaad  oonpaota  vara  flaad  at  40  Tolnna  paroant  diaparaad 
borida  aad  60  roliaa  paro^  natalllo  natrix. 

3.  Daaaltj  vaa  ganarally  79-85  paroant  of  tha  oalenlatad  thaoratieal 
danaitj. 

4*  Vaeuua  (<.luO  «aa  aaplopad  during  tha  tharaal  traatnant. 

5.  X-ray  difAraotion  vaa  uaad  aa  tba  naana  of  idantifying  tba  phaaaa. 


TABU  XZXXXm.  COlPAIlBILITr  OP  BGBJDX  WIEH  TITAHUM  MATBn,  1000*^,  2  BOOBS 


Diaparaant 

Phaaaa 

Othara 

'  1 

1 

•o 

Oo 

HfBa 

2.97 

4.76 

HfPg  (T.a.}|  TIB  (t.v.) 

WB2 

2.99 

4.71 

TIB2  (r.a.)}  TIB  (v.) 

2.96 

4.74 

7B2  (a.)}  TIB  (v.)}  7B  (t.) 

ZrB, 

2.96 

4.78 

2^2  (▼•a.)}  TIB  (v.) 

Codai  T.v.  -  aacy  vaak  pattam 
V.  -  vaak  pattam 
a.  ->  atrong  pattam 
T.a.  -  vary  atrong  pattam 
t.  -  traoa 
n.  •  nadlun  pattam 


TIBUS  xxmiv.  OCtfPiSTBJLm  <r  BORIDS  with  ZUCONIUM  matrix,  1000%,  2  HOURS 


■■ 

FhaMS  Id«Btlfl«d 

Othari 

- ^ 

■i 

«o 

«o 

HfBj 

3.25 

5.16 

HfB2  (▼.«.)!  ZrB  (v.);  ZrB2  (v.) 

TlBj 

3.22 

5.12 

TIB2  (a.);  ZrB  (v.)}  ZrB2  (a.) 

VB2 

3.24 

5.16 

VB2  (w.)j  ZrB  (a,)j  ZrB2  (a.) 

ZrBg 

ZrB2  (v.a.);  ZrB  (t.v.) 

TABUS  rmmr.  CCMPATIBILITZ  CF  BORIDS  WUH  304  STATHUSS  STBEL  MATRIX,  1000%, 
2  HOURS 


Diaparaant 

Fhaaaa  Uantlflad 

HfB2 

HfB2  (T«a»)}  Pa  (a.);  Pa^  (t.) 

TIB2 

TiBj  (a.);  Pa  (a.);  Pa^^  (t.) 

VB2 

VB2(w,)}  VB  (w,){  Pa  (a,);  Pa  (a.)|  Pa2B  (w.) 

ZrB2 

ZrB2  (▼•a.)}  Pa  (a.)|  Pa2B  (t.w.) 

TABU  XXXXXVI.  CCMPATlBILm  OT  BORIDS  WITH  IRON  MATRIX,  1000%,  2  HODBS 


Dlqwraaat 

Fbaaaa  Uantifiad 

BfB2 

HfB2  (T,a.}|  Pa  (T.a.)|  Pa2B  (v.) 

IIB2 

IiB2  (T.a.);  Pa  (a.)}  Pa2B  (t.v.) 

fB2 

VB2  (t.v.)}  Pa2B  (a.) 

ZrB2 

ZrB2  (T.a.)}  P*  (a.)}  Pa2B  (w.) 

TABU  XXXXXni.  CdlPATIBILITX  OP  BOfODX  VHH  MIBKXL  BASE,  1000%,  2  HOURS 


Diq)araaiit 

Thaaaa  lAantlfiad 

HfB2 

BfB2  ^T.a.)}  Hi  (T.a.)}  (lu)}  Hf^l-B  U.) 

WB2 

TiB2  (a.)}  n  (T.a.)}  TI-H^  (a.) 

IB2 

PB2  (■•)}  U  (T.a.)}  KI2B  (a.)}  (a.) 

ZrB2 

Zi^  (t.v.)}  U  (T.a.)}  Zr-n-B  (a.) 

65 


TABU  zmxvillt  CCKPillBILITX  GF  UOJs  VUE  BOBZDBS  (80) 


■j 

tSImm 

-  BaMTka 

ZrB2 

4700 

40 

Strong  adberenea}  UO,  009,  2rB2,  and 

4400 

10 

24 

unidentified  material  detected  at 
interface 

Mb  adherence}  UO  detected  at  inter* 

HfBa 

4700 

40 

62 

face 

SxtenaiTe  interaetiona;  HfB2  and  UOg 

4500 

10 

32 

detected  in  liquid  {haae 

Mo  adherence;  00  detected  at  inter* 

Tlfi^ 

4700 

40 

73 

face 

Slii^t  adherence;  UO  detected  in 

4500 

10 

25 

liquid  phaae 

Mo  adherence;  00  detected  at  inter* 

TkBa 

4500 

10 

29 

face 

Sll^t  adherence;  00  detected  at 

4000 

4*10-5 

26x10-5 

interface 

Mo  adherence;  00  and  OB2  detected  at 

M/ 

4200 

40 

83 

interface 

Strong  adherence;  OB2  and  OB/  de* 

teoted  in  liquid  pbaae 

?•  APFIJBAXKIS 

The  UM  of  dlborldos  !•  llaitod  prlaorlljr  bgr  tbe  abionce  of  duotUity* 

Ihojr  haTo  attraotad  attantlon  baoauae  of  thalr  bi^er  oxidation  rasistanoa  at 
bi^  tanparaturaa  in  ooaparlaon  vltb  oarbidat  and  nltridaa,  aa  vail  aa  tbair 
aanallant  ebaaleal  raaiatant  to  acgraaalTa  nadia,  and  otbar  propartlaa  inport* 
ant  for  aodarn  taebnologjr.  Tba  iq^lioationa  of  prinarj  intaraat  for  thia 
raport  ara  conoamad  vltb  the  aaroapaoa  field,  Otbar  applieationa  are  pro* 

▼idad  for  general  intaraat. 

Rrallninary  atudiaa  (97)  on  babavior  during  neutron  irradiation 
abowad  that  dlboridaa  exhibit  batter  diaper  a  ion  qualltlaa  and  auperlor  retention 
of  belim  than  B/C.  Tbia  atudjr  my  lead  to  the  uae  of  dlboridaa  for  reactor 
control  iq;q>lloationa.  Since  boridaa  are  raaiatant  to  the  action  of  nolten  alii* 
eon,  aluniiRni,  copper,  tin,  nagnealun,  and  fluorldea  they  ni^t  be  uaed  in  heat 
axobangaa  in  the  atonic  power  indnatry  (98). 
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High  TMBHfuture  Vacuua  AppllcatlonBi  Zoportant  paraaeteri  to  consider 
for  tea9)«ratx]re  Taouuin  uses  is  that  the  material  possess  minimum  vapor 
pressures  and  evaporation  velooities.  Examples  of  direct  application  of  these 
materials  would  be  for  vacuum  resistance  furnaces »  thermocouples,  and  components 
for  aerospace  vehicles.  Campbell  states  that  the  borides  of  the  transitional 
metals  should  be  considered  as  the  best  refractory  materials  to  be  used  in  vacuum 
at  temperatures  exceeding  2500%  (23). 

Bocket  Nosalest  The  borides  of  zirconium  and  titanium  have  shown  some 
promise  for  rocket  nozzle  applications.  Nozzles  up  to  6-inch  diameter  have 
been  produced,  lynch  studied  resistance  of  refractory  materials  for  rocket 
nozzle  Inserts  exposed  up  to  20  seconds  in  environment  of  aluminized  solid 
propellants  and  found  that  the  order  of  best  resistance  to  rocket  environment 
was  refractory  metals,  hig^-density  graphites,  carbides,  borides,  nitrides, 
and  oxides.  (99). 

Failure  of  the  boridea  oeourred  either  by  thermal  shook  or  by  abrasion 
in  the  throat  of  a  nozzle. 

ConbustlcB  Cbamberst  Diborides  may  possibly  be  used  for  combustion  chambers, 
but  to  date  size  and  shape  limitations  of  processing  equipment  have  not  been 
established.  Coatings  of  dlborides  have  been  used  as  linings  in  combustion 
chambers.  CfarMtium  boride  has  proven  to  be  quite  successful  for  a  lining  material 
(100). 


Qae-Turbine  Blade  AnDlicationst  A  test  was  performed  on  turbine  blades 
made  of  ZrB2  idiloh  illustrated  that  certain  additions  to  the  pure  dlborlde 
improved  its  thermal  shook  and  oxidation  resistance.  Ho  conclusions  were  made 
ttim  the  study  by  Hoffhan,  but  It  was  shown  that  the  oxidation  of  a  97.5  per¬ 
cent  2rB2  plus  2.5  percent  boron  cermet  body  was  very  slight  after  8.3  hours 
at  temperatures  vq)  to  2000^  (101). 

Hs-fatry  IPDliBationsi  Coating  of  hafnium,  zirconium,  and  thorium  borides 
on  refractory  metals  have  been  evaluated  for  re-entry  applications.  As  for 
structural  ceramic  bodies  of  diborides  for  this  type  of  application,  no  investig¬ 
ations  have  been  performed  (102). 

Industrial  Apnlicationai  Shield  tubes  of  ZrB2  for  Ijmwrsion  thermocouples. 
Sintered  shield  tubes  having  a  porosity  of  5-'12  percent  were  tested  in  molten 
oast  iron,  steel,  brass  and  bronze.  Nhen  tested  during  tapping  of  east  iron 
in  a  blast  furnace,  they  withstood  15  tappings  or  a  total  iviersion  of  10  hours 
53  minutes.  Xn  an  open^earth  fUmaee  with  basic  lining,  shield  tubes  are  cor¬ 
roded  by  basic  slags  and  destroyed  after  30-40  minutes.  In  swell  open-hearth 
fbmaees,  shield  tubes  withstood  2  hours  Izmersicn  in  molten  steel.  They  with¬ 
stood  86  hours  in  molted  brass  and  bronse  at  850  £  50%  (103) . 

ZrBo  is  used  for  electrodes  in  the  electrolysis  of  melts  (104) •  This 
material  has  also  been  used  effectively  in  hi|^  temperature  burner  parts  (105)* 
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Boridai  MB  alao  b*  ua«d  for  fobrlMtlon  of  noislos  for  atoaiiatioB  of 
foaod  MtalSf  eoapoBOBto  of  gloat  famaeatf  bMta  for  oMpcmtiOB  of  ortr- 
haatad  aatala  in  aaonw  in  aatalliaatioBy  and  tubing  for  tranafar  of  aoltan 
■Btala. 

Qirard  (106)  axaninad  a  maibar  of  rafTaetory  natariala  to  datandna  thalr 
poaalbla  uaafulnaaa  aa  natariala  for  eroolblaa  for  naltlng,  fining,  and  draving 
hlgb-allloa  glaaa  oonpoaitiona.  liobitai  dlborida  gaaa  tha  noat  proniaing  raaulta 
for  thia  uaa  (27). 

Tha  dlboridaa  rata  anong  tha  hardaat  natariala  ajBthatioallgr  produoad* 
Tharafora,  thaj  oan  ba  of  uaa  at  apaeial  euttlng  toola,  vaar  raaiat^  aurfaoa 
and  high-taiparatura  ball  and  roUar  baaringa. 

PfTtofli  ^^2  and  TaB2  hata  baan  triad  tagr  Loffartgr  (107)  to 
ba  uaad  for  alaotron  gnna.  Thajr  nara  found  to  ba  quita  affaetlaa  in  alootron 
aniMioB. 

Fpanad  Dlboridaa  i  ▲  atudj  raeantlj  parfomad  for  tha  Ibitad  Stataa  Air 
Foroa  ahowad  that  good  f  oan  bodiaa  eould  ba  produoad  of  titanlini,  tantalm, 
and  aireonita  boridaa.  Foana  of  niobiuB  diborida  vara  alao  nada,  uaing  Ib20|c 
plna  boron  oarbida  (39)* 
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FERICDICALi  ViDD  TR  60-52*  Mtfoh  I960*  24p 

SUBJECT}  RsMaroh  InTsatlgatlon  to  Dotomin*  the  O^tiaom  Conditions  for 

Qrovdng  Single  CrTstals  of  Selected  Borides,  Sllleldes  sni  Csrbides 
AUIHORi  Kiffer*  i«  D,,  Linde  Coopanj*  DlTlsion  of  Union  Carbide  CorporatiaD 
ABSTRACT}  This  work  was  undertaken  to  produce  selected  crTstals  in  the  re- 
ftaetoxy  hard  metals  class  for  mechanical  and  other  propert7  determinations* 

A  Vemeuil-tTpe  process  using  an  arc  heat  source  and  argon  shield  gas  was 
eiDloTed.  Single  or7stal  boules  of  titaniim  diborlde  and  tungsten  dlsllicide, 
l/Uinoh  diameter  and  up  to  4-1/2-lxiehea  long*  were  made*  Most  of  them  cracked 
t^on  cooling*  The  largest  single  crystal  pieces  recovered  were  l/4^ch  dia¬ 
meter  and  over  l/^-lQch  long*  Dimolybdenum  carbide  boules  had  large  sections 
of  a  "single  crystal"  MojC  matrix  containing  about  10  percent  by  volume  of 
another  phase  distributed  uniformly  throu^^  it*  No  Mo;^  single  crystal  pieces 
free  from  this  phase  were  made*  In  very  limited  work  with  di tungsten  penta- 
boride  only  polyoiTstalllne  boules  were  produced*  A  major  problem  was  en¬ 
countered  in  getting  powders  suitable  for  Vemeull-type  crystal  growth.  Best 
results  were  obtained  from  coo^ouMs  prepared  by  fusing  together  comnerclally 
available  pure  elements  and  crushing  the  luips  into  a  suitable  particle  sise 
fraction*  Process  isgrovements  and  purer  powders  are  required  to  prodtice  better 
quality  TIB2  and  USI2  wy>tals*  More  experimental  Infcmatlon  is  required  on 
the  molybdenum-carbon  and  the  tungsten-bwon  ^sterns* 


RRIODICAL}  AS  TR  61-350*  Ootober  1961 

SUBJECT}  Investigation  of  Slngle^lrystal  and  Polyerystalline  Titanium 
Dlbcride}  Metallogra^ic  nrocedures  and  Findings 
AUTHORS}  lynch*  C.  T**  1st  Lt.,  Vahidlek*  F*  V*,  Mersol*  S.  A**  uid 
lUerwood,  C.  R*,  Aeronautical  Sjystems  Division 
ABSTRACT}  Single-crystal  ai^  polyerystalline  TiB2  was  examined  to  develop 
applicable  netallographlo  techniques  for  sectioning*  )DOunting*  grinding*  polish¬ 
ing*  and  etching  TiB2  specimens*  This  work  demonstrates  the  usability  and 
pcaetleahill^  of  using  various  SiC  papers  together  with  dlffeirent  grades  of 
diamond  paste  on  poUihlng  wheels  in  preference  to  using  cloths*  It  has  been 
found  that  H2SO/  as  a  constituent  of  etchants*  produces  moore  reliable  and  )Mre 
consistent  results  than  HF*  The  same  is  true  of  H2SO4  when  used  as  a  constituent 
of  electrolytes*  Single««rystal  TiB2  was  found  to  have  a  type  of  Vidaanstatton 
structure  while  polyerystalline  TiB2  had  a  "needle-like”  pattern* 


PIRICDICAL}  Tsvetayye  Metally*  (USSR)*  Hr.  11*  pp  48-50*  1959 
SUBJKT}  Pt>cduetlon  and  Soms  Fk^operties  of  Hafnium  Boride 
AOTHORSi  Fidenio*  Xu*  B**  Serebryakova*  T*  I**  and  Samsonov*  G.  V* 

ABSTRACT}  Considerable  work  has  been  carried  out  on  tltaniw  and  slroonlw 

borldss*  Little  study  has  been  made  of  hafnium  boride*  but  preliminary  investig¬ 
ations  show  it  has  even  better  properties*  There  is  probably  only  one  stable 
compound  -  the  diboride  with  Alfo  type  structure*  It  has  been  obtained  by  pra- 
cipitatlon  from  the  gas  phase*  Xn  the  present  work  it  was  produced  by  the  re¬ 
duction  of  hafniui  oxide  by  boron  or  boron  carbide  in  a  vacnon  furnace*  The 
relation  of  the  fkee  energy  with  temperature  is  - 
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P  •  358.2  X  1j03  -  175.051 
P  -  91.9  X  103  -  39.11 

far  reduction  by  boron  carbide  and  borcn  reapectlTelj,  The  redueticn  vlth 
carbide  takea  p^e  at  acnevhat  hi^er  tenperatorec  than  vith  borcn.  At  a 
preaeure  of  10^  m  narcury  at  1300  to  1600%,  chemical  analyala  showed  it 
was  the  atoiohonetrlo  dlborlde.  X-ny  analysis  showed  the  call  to  be  a  • 
3.137  and  o  ■  3.469  agreeing  with  the  literature.  Hot  prasaing  was  carried 
cut  at  2650°  for  5  ninutas  with  a  load  of  150  Kg/oa^.  The  ndnimm  porosl^ 
obtained  was  15.1  percent.  The  electrical  resistance  of  the  ocnpoond  was 
8.8  micro  dbm/om  agreeing  with  the  literature  when  porosity  is  taken  into 
account.  Tha  mlorahardness  was  290^(^500  Xg^ss^.  At  temperatures  abore  650 
to  700%,  an  oxUa  filn  was  formed  on  tha  ea^>ound. 


FBRIGDICALt  tJ.  S.  Patent  No.  2,998,302,  29  August  1961,  Tfoion  Carbide  Corp. 
SOB  JET  t  Preparation  of  Titanium  Diboride 

AOIHORS:  Mercurl,  Robert  A.,  Finn,  John  N.,  Jr,,  and  Nelson,  B.  M. 

ABSTRACT  t  The  process  comprises  blending  titanium  dioxide  of  a  particle 
sise  <  100  mesh  with  boric  oodde  of  ^60  mesh,  adding  the  blend  to  a  molten 
sodium  bath  at  4509  to  800%,  agitating  the  bath  until  the  reaction  is  oa^ 
plete,  cooling  the  mixture,  and  recovering  titanium  diboride  of  <.50  partiole 
siae  and  of  95  percent  purity. 


RRIGDICALt  n.  S.  Patent  No.  3*004*830,  17  October  1961 
SOB  JET  I  Method  of  Producing  Metal  Borides 

AiriHOR}  (kne.  Nils 

ABSTRACT  t  The  method  comprises  forming  in  a  vertical  electric  arc  furnace 
eontalner  a  oup^Hihapad  charge  of  a  finely  coondnuted  mixture  of  at  least  one 
of  the  transition  metals,  a  boric  acid  component,  and  carbon,  igniting  an 
electric  arc  to  melt  the  boric  acid,  to  vitrify  the  wall  of  the  cavity,  and 
to  dehydrate  the  baric  acid,  the  oo^sition  of  the  mixture  being  such  that 
a  protMtive  monoadde  atmos^re  of  superpressure  is  maintained  in  the  cavity, 
and  asilting  a  suooessively  increasing  bwide  Itu^p  of  the  reduced  metal  la  ^ 
bottom  of  the  cavity. 


SOB  JET  t  Zirconium  Diboride  Prepared  Directly  from  Zircon 

AOTBGRSt  MoMollen,  J.  G.,  and  McKee,  V.  D.,  Carborundum  Coiqpaay 
ABSTRACT!  Cornwroial  exploitation  of  the  very  refractory  siroonium  diboride 
has  been  inhibited  by  the  hi^  cost  of  manufacture.  Contributing  to  this  high 
manufacturing  cost  has  been  the  8iQ)posed  necessity  of  using,  in  the  sinal  ZrB2 
yielding  reaction,  ingredients  already  expensive  by  reason  of  previous  pro¬ 
cessing  from  the  mineral  source.  In  particular,  Si-fTee  siroonium  sources, 
such  as  the  metal,  oxida,  or  carbide  have  been  used.  In  the  experiments  des¬ 
cribed,  zircon  was  reacted  vith  boric  oxide  and  carbon  in  a  subomrged  electrode 
are  furnace,  yielding  a  reasonably  pure  zirconium  diboride  in  a  one-step  process. 
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The  reaction  depends  on  the  yolatlllty  of  silieon  monoxide  at  the  teiqperatures 
emplosred.  Although  other  proportions  provide  someubat  better  puritj  and  TieU, 
reactants  in  the  stoiehiocietrie  proportions  indicated  b7  the  following  equation 
can  be  used:  ZrSiO^  /  B2O3  /  6C->ZrB2  /  6D0  /  SiO, 


SUBJECT:  ^olTtic  S{jmthesls  of  Refractory  Borides 

ADTHCR5:  Gann«i|  R.  E.,  ^asilos,  T.|  Folweilery  R.  C,,  Avoo  Corporation 

ABSTRACT:  The  synthesis  of  refractory  borides  by  vapor  phase  deocoposltion 

has  been  investigated.  Effects  of  such  process  variables  as  deposition  teoper- 
ature,  flow  rates,  and  stoichioaetry  on  the  aierostrueture  of  the  deposited 
boride  have  been  studied,  Riotcalcrographs,  aechanlcal  properties  and  deposition 
rates  of  the  pyrolytic  borides  are  shown. 


SUBJECT:  Method  for  the  Production  of  Zirconium  Boride 

AUTHORS:  Espenaohled,  Helmut,  Rational  Lead  Conpeny 

ABSTRACT:  The  method  co^fflaes  admliring  an  uncalcined  slrconla  hydrate  pulp 

as  precipitated  froo  a  basic  ziroonia  salt  solution  in  an  amount  equivalent 
to  one  mole  on  a  zirconium  oxide  basis,  5  moles  of  carbon,  and  boric  acid  in 
an  amount  equivalent  to  two  moles  ot  bwcn  oxide  to  form  a  slurry,  agitating 
the  slurry  to  form  an  intimate  mixture,  drying  the  mixture,  and  then  heating 
it  In  an  inert  atmosphere  to  a  tea^rature  sufficiently  hi^  to  cooplete  the 
reaction  between  the  materials  and  ^oduce  finely  divided  zirconium  boride  having 
a  particle  size  of  1  to  20. 


FERICDICAL:  Report  Ho.  VAL  766.41/L>  August  1961 

SUBJECT:  ^olytic  Refractory  Materials  for  Solid  Fuel  Rocket  Motor 

AppUcaticns 

AUTHORS:  Francis,  R.,  Flint,  E.  P« ,  Arthur  D,  Little,  Incorporated 

ABSTRACT:  Results  of  an  eiqMriamntal  program  devoted  to  the  development  of 

refractory  materials  fonmd  liy  pyrolytic  processes  are  described.  In  this  re¬ 
gard  the  relative  mmrita  of  various  pyrol^io  teohniques  and  furnace  designs 
are  critically  evaluated,  and  qptimnm  eondltioos  for  the  formation  of  pyrolytlo 
graphite  and  pyrolytic  boron  nitride  have  been  investigated.  Relevant  prop¬ 
erties  of  p/rolytlo  graphite  and  pyrolytlo  boron  nitride  are  oo^mred,  and 
application  of  the  principles  derived  has  resulted  in  the  formation  of  several 
large  sound  shapes  of  these  materials,  ftq>loratoiry  e:qperimsnts  on  the  fo 
tion  of  other  pyrolytic  systems  are  also  desoribsd. 


PKRlCDICALi  UADC  TR  59-654,  Ueoember  1959 

SUBJECT:  9|)mthosis  of  Rev  Hij^  Te:^)erature  Materials 

AUIBORSt  bgelJce,  J,  L,,  Halden,  F.  A,,  Fhrley,  B,  P,,  Stanford  Rsseareh 


Institute 

ABSTRACT:  A  number  of  mimed  transition  metal  oarbidas,  borides  and  nitrides 

were  prepared  and  emsmlnad  in  tenM  of  melting  point,  structure,  and  oxidation 
resistance.  Bone  of  tbs  measured  melting  points  was  bibber  than  the  value  re¬ 
ported  for  HfC^ATsC  (5940%),  The  melti^  point  for  a  series  of  solid  solutions 
between  IfC  and  BbC  increased  regularly  with  hafnium  content. 
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FBRKBlCALt  IsYwitjLya  ^sahlldi  Hehsbeykh  ZaTwlenij  -  Chmraajt  Matallurgijaf 
Hr.  3,  pp  13-16,  1960 

SDBJBCTi  Tharn^ynuiics  of  Chroao  Diborido 
AUTHORSt  KrostonilkoT,  A.  H.,  TondriUi,  M.  S. 

ABSnUCTi  The  •ffeotlvo  boat  abaorblsc  eapaeitj  of  Cr  and  B  in  CrB2  vas 
oaleulated  Mparatoly  using  Llndsaann's  fonula  for  finding  the  natural  vibra¬ 
tion  frequencies  of  Cr  and  B  atoas}  Deb!7e  function  tables  vere  used  for  oal- 
eulatlng  the  atonic  beat  absorbing  capacitj  of  Cr  and  B  and  the  Isochoric  heat 
absorbl^  capacities  found  for  CrB2  in  aecardance  with  Neumann's  and  Kopp's 
lav,  and  the  isooborie  capacities  vere  converted  into  isobaric  ones  using  the 
Hemst  equation.  The  oaleulated  beat  absorbing  capacities  vere  ooiq)ared  vith 
values  determine  b^  the  authors  in  e:q>eriJBents  vith  a  water  oalarineter.  The 
values  found  per  Delqrs  and  as  measured  coincided  in  the  studied  temperature 
interval  (300^00%)  taut  differed  considerably  at  higher  teaperature,  vhich 
can  be  ejqplained  bgr  an  additional  beat  effect  and  must  be  yet  e]q>eriaentally 
proven.  It  is  svq>posed  that  the  real  beat  absorbing  capacity  curve  for  CrB2 
corresponds  to  a  second  order  parabola  vith  slight  curvature.  The  values  for 
deep  a^  lev  temperatures  (23-300%)  vere  calculated  per  Debye  and  extrapolated 
further  to  absolute  zero  by  the  Cp/^  -  f  (T)  curve,  and  the  standard  entropy 
of  CrB2  found  to  bo  x  9.32  e^l/mol,  degr.,  and  the  entropies  of  ebrone, 
boron,  ebrone  dlboride,  and  ot  CrB2  vere  calculated.  These  data  were  used 
for  finding  the  formation  entropy  of  CrB2.  The  standard  formation  beat  of 
CrB2  (formation  enthalpy,  A  H)  having  been  found  widely  different  by  different 
authors  (varying  from  19.00  koal/Bola  per  Q.  V.  Samsonov  to  47.00  per  0. 
Kubaahevskiy  and  B.  Evans  the  value  30.00  keal/mol  has  been  accept^  for  cal¬ 
culations,  and  the  equation  of  the  deoendence  of  ABf  on  temoerature  was  found  t 
ABf  -  29S45  -  0.622T  /  2.005  •  10-3t2  -  O.U.109t-1.  Taking  the  CrB2  forma¬ 
tion  beat  and  entropy,  its  free  energy  (isobaric  potential)  was  calculated. 
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PERIODICALS  7  sb.t  Bor.  Tr.  Konferentsli  po  Khlmii  Bora  i  lego  Soyedinenly. 
Moscow,  Qoakhimiadat,  pp  5-18,  1958 

SUBJECTS  Ota  the  ft'esent  State  of  Tbermoebeaistry  and  Thermodynamios*  of 
Boron  and  some  Borides 

ABSTRACTS  The  necessity  is  noted  of  collecting  accurate  thermocbemical  and 
thexmodynamlcal  data  on  boron  and  its  cosspounds.  The  attention  of  theraochealsts 
is  drawn  to  the  complexity  of  the  reaction  of  boron  and  boride  burning,  the 
possibility  of  errors  is  indicated  in  the  determination  of  combustion  heats  due 
to  the  neglected  phase  composition  of  the  initial  eind  final  components  of  the 
reaction,  the  presence  of  admixture  in  the  boron  samples  and  the  incomplete 
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burning  of  auzlllarj  fuel  substances  in  the  mixture  with  boron  or  boron-oon- 
taining  substances.  Zn  the  determinations  of  combustion  heats  of  boron  cos^ounds 
the  subjection  of  the  combustion  products  to  phase,  x-ray  and  ultramicrochemical 
analyses  is  recommended.  The  values  of  the  formation  heats  and  the  average 
dissociation  energies  of  several  gaseous  boron  derivatives  were  cited  according 
to  the  latest  literature  data.  It  vas  noted  that  Brewer's  and  Haraldsen's  data 
on  the  formation  heats  of  borides  (AZhKhim,  Nr.  9»  29883,  1957)  nay  have  an 
error  of  up  to  10  kcal/mole  due  to  the  assumption  that  in  the  reactions  investi¬ 
gated  by  these  authors  A  S  and  A  Cn  are  negligibly  small.  The  standard  entropies 
are  calculated  for  the  formation  of  Siborides  of  Ti,  Zr,  Nb  and  Ta  ^ioh  are  -4.9, 
-5.4|  -4*9  and  -4.4  entropy  units,  respectively.  The  possibilities  of  the  approxi- 
aate  evaluation  of  the  thermoehemical  and  thermodynamic  data  for  boron  confounds 
were  discussed. 


FGRICDICALi  Lt  Optlka  1  Spektroskopiya,  7ol  8,  Nr.  3»  PP  410-412,  I960  (USSR) 
SUBJECT:  The  Emissivltles  of  Powders  of  Some  Refractory  Coapoiinds 

AUTHORS:  Serebsyakova,  T.  I.,  Pademo,  7u.  B.,  Samsonov,  G.  V. 

ABSTRACT:  Ae  authors  report  measurements  of  the  emlssivlties  of  powders  of 

borides,  carbides  and  nitrides  of  refractory  and  rare-earth  metals.  Measure¬ 
ments  were  carried  out  with  an  instrument  which  simulated  closely  an  absolute 
black  body.  A  tantalum  cylinder  (20  na  diameter,  50  nsn  height)  served  as  a 
heater.  Inside  the  cylinder  there  was  another  smaller  tantalum  cylinder  (8 
mm  diameter,  20  iib  height)  ^ich  was  placed  cooeentrically  with  the  cylinder. 

In  each  of  the  cylinders  there  was  a  small  aperture  and  these  apertures  were 
aligned  horisoatally.  The  lower  ends  of  the  two  tantalum  cylinders  were  fixed 
to  a  molybdenum  plate  \dilch  was  pressed  against  a  cylinder  by  a  spring.  The 
inner  cylinder  was  coated  with  lOOu  thick  layer  of  paste  prepared  from  a  fine 
powder  (particles  of  2-3tt  diameter)  of  the  refractory  material  mixed  with  a 
binder.  Temperature  of  the  inner  cylinder  surface  (the  brightness  tea^rature, 
T^)  and  temperature  in  the  aligned  apertures  (the  true  temperature,  T^)  were 
measured  with  an  pyrometer.  Absorption  in  the  glass  bulb  was  found  to  be 
negligible.  The  eidsslon  intensities  were  measured  at  650  mu  and  the  emlssi- 
vitles  were  calculated  using  the  following  formula: 

where  o  •  1.a38  oV<^eg  and  A  is  the  wavelength.  The  measured  emlssivlties  of 
pure  tantalum  at  te^jeratures  from  800  to  2000%  agreed  well  with  the  published 
values.  The  measured  emlssivlties  of  LaB6,  NdB^,  TiC,  ^§2  ^6» 

BfB2>  B^,  CrTCj  and  BN  powders  at  te^ratures  from  850  to  1650%  were  given. 


nai0ICALt  J.  Ffays.  Cham.  Solids,  Tol  4,  pp  118-127,  1958 

SUBJECT:  Hall  Effect  and  Electrical  Conductivity  of  Transition-Metal  Borides 

AUTHORS:  Jte^tsohke,  H.  J.,  Steinlts,  R. 

ABSTRiCT:  The  room  tenjerature  resistivity  aiwl  Hall  constant  of  the  diborides 

of  the  fourth  to  sixth-oolnsm  transition  metals  and  their  solid  solutions  have 
been  measured  in  order  to  clarify  the  electronic  structure  of  these  oo^>Qands. 
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Sines  the  e]q>eriBental  eeaplea,  prepared  ftron  pouiera,  were  uauallj  poroua, 
extrapolation  proeedurea  hare  been  dereloped  to  relate  the  eleetrloal  proper¬ 
ties  measured  on  porous  samples  to  those  to  be  ezpeoted  at  full  densl^.  The 
results  thus  extrapolated  Indleate  that  all  these  compounls  hate  a  similar 
band  struetures,  the  substitution  of  one  transition  metal  for  another  ehanglng 
mainly  the  oooupatlon  of  the  ooaduetlon  band.  This  oonduotlon  band  Is  of 
staxidard  shape;  It  la  nearly  empty  for  fourth-oolumn  transition  metals,  and 
Is  filled  to  about  one  elaotroc  per  oell  upon  substituting  a  flfth-oolumn  metal. 
If  the  band  struoture  of  these  oonpounds  derives  fron  that  of  the  transition 
metals,  the  results  suggest  that  the  usual  s^  bond  overlap  Is  here  oonslderably 
reduced,  and  that  the  d-band  are  completely  filled  by  the  contribution  of  three 
electrons  from  each  boron  atom.  This  makes  the  main  oonduotlon  band  an  s-band. 
Suoh  an  Intarpretatlon  la  In  accord  with  a  number  of  other  oharaoterlstlo 
properties  of  these  eoapouxds* 
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SELECTED  ARTICLE  NO  1 

CERAMIC  ENGINEERING 

PRESSING  AND  SINTERING  OF  BORIDE  POWDERS  (Ref:  34) 


B.N.  Babich 
K.  I.  Portnoy 
Professor  G.V.  Samsonov 

(Translation  by  S.A.  Mersol) 


INTRODUCTION 


Greater  utilization  of  products  made  of  borides  or  of  alloys  having  a  boride  base  (1.2) 
made  it  necessary  to  establish  a  program  for  studying  the  powder  metallurgy  of  these 
compounds. 

Our  investigation  started  with  a  study  of  reference  3.  It  was  shown  there  that  powders 
of  hard  materials  sinter  by  means  of  the  gradual  breakdown  of  the  uneven  portions  of  the 
grains  which  are  in  contact  with  each  other  during  their  mutual  migration.  A  determi¬ 
nation  of  the  degree  of  brittleness  of  powders  of  hard  compounds  is  proposed,  and  the 
connection  between  the  brittleness  and  the  stability  of  the  bond  in  the  crystal  lattice  of 
the  compound  is  indicated  (3). 

Chiotti  (4)  used  the  method  of  the  separate  pressing  and  sintering  of  specimens  made 
of  carbides  of  refractory  metals.  To  facilitate  sintering,  he  made  use  of  the  formation 
of  the  liquid  phase  with  the  addition  of  iron  (up  to  8  percent)  or  iron  salt  (up  to  2.5 
percent);  the  final  content  of  the  inpurlty  in  the  specimen  did  not  exceed  0.5  percent. 

In  the  sintering  process  of  refractory  compounds  (carbides  and  oxides),  the  main  reason 
for  the  shrinkage  of  sufficiently  pure  compounds  during  sintering  is  that  during  heating 
the  particles  attain  a  plasticity,  which  is  sufficient  for  the  grains  to  be  pulled  into  pores 
under  the  influence  of  the  forces  of  surface  tension  and  in  the  direction  of  the  center  of 
gravity  of  the  pellet  (5). 

This  process,  often  accompanied  by  recrystallization,  starts  above  a  homologous  tem¬ 
perature  of  0.8  (T,j„,,,j„,  :  ).  The  porosity  of  the  sintered  object  can  be  re¬ 

duced  to  values  of  less  than  10  percent.  This  theory  agrees  with  G.A.  Myerson’s  theory  of 
sintering,  developed  for  plastic  metals  (6). 

We  investigated  the  conditions  of  pressing  and  sintering  of  TiBg  and  CrBg  powders  as 
well  as  those  of  the  titanium  and  chromium  boride  alloy  (the  ratio  of  molar  concentrations 
of  TiB,:  CrB,  -4:1). 

The  initial  TiBg  and  CrB*  powders  were  prepared  in  vacuum.  Then  (Ti.  Cr)B8  was 
prepared  from  the  specific  mixture  of  these  borides  at  1700*C  for  one  hour  in  vacuum. 

The  average  particle  diameter  of  the  pellets  of  all  three  powders  measured  from  2  to 
3  microns.  Their  loose-packed  weights  and  their  close-packed  weights  are  shown  in 
table  1. 
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TABLE  I 


THE  LOOSE  -  PACKED  WEIGHT  AND  THE  CLOSE -PACKED  WEIGHT  OF  BORIDE  POWDERS 


BORIDE 

LOOSE -PACKED 
WEIGHT 

CLOSE -RACKED 
WEIGHT 

/CLOSE  -  PACKED 
/LOOSE- PACKED 

TiBj 

0.80 

1  .24 

1. 55 

CrBj 

I.OS 

1  .64 

1  .57 

(Ti,Cr)B, 

1 _ 

0.97 

1  .53 

1.56 

PRESSING 

The  specimens  were  pressed  in  a  steel  cylindrical  die  on  a  hydraulic  press  at  pres¬ 
sures  of  from  O.S  to  8  tons/cm”.  For  all  tests  the  specimens  had  a  diameter  of  IS  mm 
and  were  from  6  to  10  mm  high.  A  study  of  the  pressing  procedure  (9)  involved  a  de¬ 
termination  of  the  influence  of  the  maintained  pressure  on  the  density  of  the  pressed 
pellets  by  measuring  their  elastic  properties  and  by  studying  the  influence  that  inter¬ 
stitial  wear  or  rubbing  had  had  on  their  density. 

The  pellets  proved  to  be  of  low  strength,  and  the  tremendous  wear  of  the  dies  used  for 
dry  pressing  made  it  necessary  to  mix  plasticizers  with  the  powders.  The  following  plas¬ 
ticizers  were  used:  a  solution  of  synthetic  rubber  in  gasoline  (400  ml  of  4  to  5  percent 
solution  to  1  kg  of  the  powder),  a  solution  of  NSgSiOa  in  alcohol  (the  content  of  Si  in  the 
mixture  was  1  percent),  and  a  solution  of  FeCls  in  alcohol  (the  content  of  Fe  in  powder 
was  1  percent). 

The  density  of  the  pressed  specimens  was  determined  by  the  pressing  rate  and  the 
applied  pressure.  To  test  the  pellets’  elasticity,  the  distance  from  the  base  of  the  die  to 
the  upper  end  of  the  die  (the  plunger)  was  measured  and  considered  its  indicator;  the 
correction  for  the  elastic  compression  of  the  plunger  under  load  was  entered,  and  the 
height  of  the  pellet  after  pressing  was  measured. 

None  of  the  above  listed  plasticizers  markedly  improved  the  compressibility;  however, 
the  strength  of  the  pellets  was  greatest  when  the  FeCl,  solution  was  used,  and  was  there¬ 
fore  used  in  subsequent  experiments. 

Figure  1  shows  the  results  of  pressing  at  various  compacting  pressures.  As  the  data 
indicates.  TiBa  performed  better  dian  CrBa>  Lamination  phenomena  during  pressing 
started  in  the  pressure  range  above  3  to  4  tons/cm”. 

Figure  2  shows  a  compacting  pressure  diagram  in  logarithmic  coordinates,  log  p,p  - 
log  p,  where  p  is  the  relative  volume  P  •  which  it  follows  that  the  pressing 

process  is  well  expressed  by  the  strai^t  imes: 

For  TiBj,  loaPpp*  -II  .07  log )3  +  3  02 
For  CrB,,  log  p  *  -  10.48  log)3  +  3.25 
For  (Ti.CrjB,,  log  p^^*  -  1 1  29  log /3  +3  .24 
where  p,p  is  specific  pressure. 
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The  cuntinuance  of  pressure  from  IS  to  60  seconds  does  not  have  any  effect  on  the 
density  of  the  pressed  pellet  or  briquette. 

The  continued  process  of  rubbing  pre-pressed  specimens  over  the  sieve  OlOSH  with 
subsequent  pressing  at  the  same  pressure  allows  Ae  density  of  the  pressed  samples  to 
increase  for  about  5  percent,  whereby  die  greatest  effect  is  produced  by  the  first  rubbing. 

Figure  3  shows  the  results  of  the  elasticity  determination.  When  the  results  are  com> 
pared  with  those  obtained  by  an  analogous  investigation  performed  on  metallic  powders 
(9),  it  is  notable  that  the  length  of  time  for  which  the  powders  were  subjected  to  the 
pressure  had  no  effect  on  the  density  of  the  boride  pellets.  This  proves  the  practically 
complete  nonplasticity  of  the  pellets  and  the  conservation  of  a  highly  strained  state  after 
pressing. 

The  relative  elasticity  of  borides  after  pressing  is  in  complete  agreement  with  the  high 
hardness  of  borides,  since  by  comparison  (9)  the  very  hard  tungsten  carbide  has  a  tre¬ 
mendous  elastic  effect  after  pressing.  This  ^so  corresponds  to  the  data  of  work  (10).  The 
elastic  effect  on  the  borides  increases  with  the  increase  of  the  pressure  to  from  1  to  2 
tons/cm^.  The  decrease  in  magnitude  of  the  elastic  effect,  which  occurs  at  very  high 
pressures,  is  due  to  the  breakdown  and  hardening  of  the  pressed  pellets  and  to  the  distri¬ 
bution  of  fine-grained  broken-off  particles  in-between  larger  unbroken  particles.  At  still 
higher  pressures,  the  elastic  effect  again  increases;  diis  is  accompani^  simultaneously 
by  lamination  phenomena.  Technically,  it  is  possible  to  consider  the  compacting  pressure 
of  3  tons/cm*  as  the  most  favorable  one,  and  at  this  pressure  it  is  expedient  to  employ 
multiple  pressing  techniques. 

In  our  studies  of  borides  the  most  pronounced  elastic  effect  in  the  powder  borides  oc¬ 
curred  in  the  hardest  boride,  namely.  TiBg  (3370kg/cm”).  and  in  case  of  the  solid-solution 
boride,  in  (Ti,  Cr)B8  (about  3800  kg/mm^).  The  elastic  effect  on  CrB^,  whose  hardness 
is  1800  kg/mm’ .  is  considerably  smaller. 


SINTERING 


The  conditions  of  sintering  were  studied  by  first  compacting  die  pellets  under  the  chosen 
pressure  of  3  tons/cm”.  The  sintering  was  performed  at  a  pressure  of  0.1  mm  Hg  in  a 
vacuum  tube  furnace  having  a  gra^iite  heater  (11).  To  determine  the  optimum  sintering 
temperature,  the  specimens  were  sintered  within  the  1700*  to  2400*C  range  for  one  hour. 

The  specific  gravities  of  the  sintered  specimens  were  determined  by  hydrostatic  sus¬ 
pension,  and  the  linear  shrinkage  by  the  resultant  heights  (table  2). 


91 


TABLE  2 

RESULTS  OF  THE  SINTERING  OF  BORIDES 


BORIDE 

CHARACTERISTICS  OF 

SINTERING  TEMPERATURE 

IN  ‘C 

THE  MATERIAL 

1700 

1600 

1900 

2000 

2100 

2200 

2300 

2400 

-TiBj 

DENSITY  IN  G/CM* 
RESIDUAL  POROSITY 

IN  % 

— 

3.31 
25  5 

3.49 

21.6 

3.49 

21.6 

3.47 

22 

3.63 

18.4 

3.61 

14.3 

4.04 

9.1 

CrBj 

DENSITY  IN  G/CM* 
RISIDUAL  POROSITY 

IN  % 

3.52 
37.  1 

3.83 

31.6 

4.01 

28.4 

4.25 

24 

4  .30 
23.2 

M  E 

L  T  E 

M 

0 

(Ti,Cr)Bj 

DENSITY  IN  G/Cm’ 

IN  % 

— 

3  .70 

22.4 

3.86 

19 

— 

3  .84 

19.4 

3.91 

18 

4.20 
II  .9 

■ 

Prom  the  table  we  see  that  the  sintering  process  occurs  in  two  stages:  (1)  minor  density 
increase  at  the  temperature  up  to  2100*  or  2200^0.  and  (2)  intensive  density  increase 
above  2100*  or  2200^.  It  is  evident  that  in  the  second  stage  the  plasticity  of  borides  be¬ 
comes  sufficiently  great  to  have  surface  tension  overcome  the  strength  irf  the  particles. 

In  all  cases  the  reduced  temperature  at  the  beginning  results  in  an  increased  density  of 
from  0.7  to  0.8.  The  optimum  sintering  time  was  determined  by  holding  Tibg  and  the 
solid  solution  (Ti,  Cr)Ba  at  2300*C;  CrB»  was  held  at  2000*C  (table  3). 


1ABLE  3 

THE  CORRELATION  BETWEEN  THE  BORIDE  SPECIMENS 
DENSITY  AND  THE  SINTERING  TIME 


SI  NTERING 

SINTERING 

DENSn^Y 

RESIDUAL 

BORIDE 

TEMPERATURE 

TIME 

IN 

POROSITY 

IN  ‘C 

IN  MIN. 

G/  CM* 

IN  % 

TIB, 

2300 

30 

3  .72 

16.4 

6  0 

3  .80 

14.3 

1  2  0 

3  .8  1 

14.2 

24  0 

3  .7  9 

14.4 

CrBj 

2000 

30 

4.18 

25.6 

6  0 

4  .25 

24 

1  2  0 

4.2  6 

23.9 

2  40 

4  .26 

2  3.9 

(Ti.COBj 

2300 

30 

4.16 

12.5 

60 

4  .20 

11.9 

1  2  0 

4  .2  0 

1  1  .  9 

24  0 

4  .2  2 

1  1  6 
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At  the  sintering  temperatures  selected  the  equilibrium  between  the  stability  of  the 
particles  and  the  surface  tension  is  established  rather  rapidly;  the  higher  the  sintering 
temperature,  the  faster  it  progresses.  In  all  cases,  but  especially  in  the  case  of  TiB,  and 
(Ti.  Cr)Bt.  the  low  porosity  of  the  specimens  resulted  from  sufficiently  high  temperatures. 
As  the  temperature  was  increased,  the  attainment  of  a  porosity  approaching  zero  did  not 
present  special  difficulties.  CrBa  is  an  exception,  for  its  lowest  porosity  amounts  to  23 
percent  and  at  the  increased  temperature  (higher  than  2100*C),  melting  begins.  (The 
melting  temperature  of  CrBg,  19(XJ*C,  as  often  cited  in  literature,  is  incorrect.  According 
to  the  data  in  references  12  and  13,  it  is  at  2200*C.  It  seems  that  this  discrepancy  is  due 
to  the  dissociation  of  CrBa  in  the  range  of  temperatures  close  to  its  melting  point.) 


CONCLUSIONS 


The  denslflcation  process  of  TlBg.  CrBa.  and  (Ti,  Cr)Ba  powders  is  described  by  the 
logarithmic  correlation  between  the  relative  volume  and  the  compacting  pressure.  The 
resultant  elastic  effects  of  the  materials  studied  is  rather  high,  ilie  dependence  of  the 
elastic  effect  on  pressure  is  connected  with  the  high  brittleness  and  nonplasticity  of  the 
borides. 

The  process  for  achieving  increased  densities  in  boride  pellets  by  sintering  consists 
of  drawing  particles  into  the  pore  spaces  upon  attainment  of  that  temperature  at  which 
the  forces  of  surface  tension  prevail  over  the  strength  of  the  particles  which  become 
plastic. 

The  possibility  of  using  separate  cold  pressing  and  sintering  instead  of  the  complex 
and  uneconomical  method  of  hot  pressing  was  demonstrated. 
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RELATIVE  DENSITY 


0.5  I  2  3  4  5  6  7  8 


COMPACTING  PRESSURE  (TONS/CM*) 


Figure  1.  Correlation  Between  Relative  Density  and  Compacting  Pressure 


COMPACTING  PRESSURE 


'■5  1,6  1.7  1.8  1.9  2.0  2.1  2.2  2.3 

RELATIVE  VOLUME  ifi) 


Figure  2.  Correlation  Between  the  Relative  Volume  and  the  Compacting  Pressure 
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Figure  3.  Correlation  Between  Elastic  After-effect  and  Compacting  Pressure 
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SELECTED  ARTICLE  NO  2 


VACUUM  THERMAL  PREPARATION  OF  BORIDES  OF  HIGH-MELTING  METALS 

NOTE 

What  follows  is  part  of  an  article  “Vacuum  Thermal  Prepara¬ 
tion  of  Borides  of  High-Melting  Metals”  by  G.A.  Merson  and 
G.V.  Samsonov,  translated  from  the  Zhumal  Prikladnoi  Khimii 
Vol.  27,  No.  10,  1954,  Moscow,  pp  1115  to  1120. 

EXPERIMENTAL 

A  vacuum  resistance  furnace  with  a  graphite  heater  [.5]  was  used  for  performing  the 
indicated  reaction  and  is  schematically  illustrated  in  Fig.  1. 

The  heater  was  a  tube  made  of  electrode  graphite  with  an  internal  diameter  of  24  mm 
and  a  wall  thickness  of  1.5  mm,  sealed  between  two  molybdenum  contacts  placed  on  hol¬ 
low  brass  conductors  internally  cooled  by  water. 


Figure  1.  Vacuum  resistance  furnace.  1)  Coil,  2)  chamotte  plate,  3)  upper  contact, 

4)  graphite  vessel,  5)  molybdenum  shield,  6)  glass  hood,  7)  electrode, 

8)  lower  contact,  9)  rubber  ring,  10)  furnace  plate,  11)  compression  vacuum 
gauge. 

In  order  to  reduce  the  loss  of  radiant  heat,  the  tube  was  shielded  by  concentrically  placed 
graphite  and  molybdenum  shields  with  apertures  for  optical  temperature  measurement. 
The  tube  was  fastened  to  the  water-cooled  furnace  bottom  which  had  an  annular  depres¬ 
sion  with  a  rubber  vacuum  gasket  for  taking  the  vessel  which  was  prepared  of  a  special 
type  of  glass  and  could  withstand  heating  to  400-500*. 

The  vacuum  was  produced  with  a  VN-461  fore-pump  and  a  T,  VL-lOO  oil  diffusion 
pump.  The  pressure  in  the  furnace  was  measured  with  a  compression  vacuum  gauge. 
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The  charge  was  made  according  to  the  above  noted  reaction,  and  briquetted;  the 
briquettes  were  placed  in  pairs  in  the  heating  tube  on  a  ring  made  of  boron  carbide  in 
such  a  way  that  the  outer  surfaces  of  the  briquettes  did  not  touch  the  graphite  tube  (Pig.  2). 


Figure  2.  Placing  the  briquettes  in  the  heater.  1)  Graphite  tube,  2)  briquette,  3)  graphite 
ring. 

In  this  work,  we  Investigated  conditions  for  preparing  the  bromides  of  titanium,  zir¬ 
conium,  vanadium,  niobium,  and  tantalum;  the  starting  substances  were  the  oxides  of 
these  metals,  boron  carbide,  and  carbon  black;  compositions  are  given  in  Table  1. 

Preparing  titanium  and  zirconium  borides.  A  tensiometric  study  of  the  reaction: 

2TiO  a''’B  «C  +3C-2T1B,  +  4CO,  was  made  in  a  preliminary  study  of  conditions  for  preparing 
titanium  boride. 


The  eiqierlmenul  method  consisted  in  gradually  increasing  the  furnace  temperature 
and  measuring  the  pressure  of  the  cartwn  monoxide  evolved  at  the  corresponding  tem¬ 
perature;  when  a  marked  break  in  pressure  was  observed,  the  temperature  was  held 
constant  until  a  time  when  the  pressure  did  not  reach  some  minimum  which  was  constant 
for  given  temperature  (bearing  in  mind  the  gas  liberated  from  the  metallic  parts,  the 
graphite,  and  the  flask).  A  sharp  increase  in  pressure  may  be  caused  only  by  the  start 
of  a  reaction  which  takes  place  liberating  CO  or  a  mixture  of  CO+COa  (depending  on 
the  temperature  range).  Thus,  we  may  establish  the  temperature  for  the  start  of  re¬ 
action  at  a  given  pressure  and  physical  composition  of  the  charge  by  an  abrupt  pressure 
change. 


Figure  3.  Tensiometric  curves  for  the  reaction;  ZTiOi,  +  B^C  +  3C  =  ZTiBg  +  4CO. 
A)  Pressure  (mm  Hg);  B)  Temperature  (’C);  C)  time  (minutes). 
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TABLE  1 


Compoattlon  of  Raw  Materlale  tor  Boride  Preparation 


Material 

no. 

ZrO, 

v.o. 

Nb,0, 

Ta,0, 

Pe,0, 

SiO, 

CaO 

SnOi 

A1,0, 

B 

C 

98.25 

• 

- 

. 

• 

Traces 

0.08 

0.35 

97.90 

- 

- 

- 

Traces 

- 

- 

- 

- 

0.03 

- 

99.15 

- 

- 

0.25 

- 

Traces 

- 

- 

- 

- 

Nb,0, 

0.27 

- 

- 

98.90 

0.65 

0.10 

- 

- 

- 

- 

- 

- 

Ta,0, 

0.68 

- 

- 

2.23 

97.35 

0.10 

0.73 

- 

0.91 

- 

- 

- 

Cari>on  Black 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

99.9 

B4C 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

78.20 

21.70 

Curves  obtained  by  holding  at  temperatures  corresponding  to  the  pressure  jumps  are 
given  in  Fig.  3.  As  can  be  seen  from  these  curves,  three  rather  clearly  expressed  jumps 
in  pressure  take  place;  the  first  two  of  these  correspond  to  the  transition  of  TiOg  into 
TigOa  or  TigOa  into  TiO,  as  was  similarly  shown  in  a  previous  study  on  conditions  for  re¬ 
ducing  TiO^  by  carbon  CS].  The  third  jump  is  observed  at  1120*C  (pressure  ~  2000  mm  Hg) 
and  evidently  corresponds  to  the  reaction: 

2TiO  +  BaC  +  C-2TiBg  +2CO. 

According  to  the  results  of  chemical  analysis,  the  product  obtained  here  has  the  follow¬ 
ing  composition: 


According  to  Formula 

Found  (%) 

TiBg  (ln%) 

Ti  68.90 

68.20 

B  31.10 

31.02 

C  ,  0.00 

Total 

0.019 

Total  100.00 

99.239 

The  lower  temperature  limit  for  starting  to  obtain  TiBg  by  the  stated  reaction  under 
vacuum  is  1100-  1150*C  (at  the  given  degree  of  rarefaction  of  the  furnace).  In  view  of  the 
long  time  r^idred  for  conducting  the  reaction  at  this  temperature,  a  higher  temperature 
region  was  investigated  ranging  from  1200  to  1900*  at  intervals  of  100*  (holding  for  one 
hour  at  each). 

The  corresponding  data  are  given  in  Table  2.  Thus,  at  1400*  and  above,  titanium  boride 
is  formed  in  one  hour,  subsequently  small  changes  in  the  product  composition  at  higher 
temperatures  do  not  exceed  the  limits  of  analytical  error  related  to  the  difficulty  of  de¬ 
termining  Ti  and  B  when  they  are  both  present  [6]. 
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A  study  Of  the  effect  of  holding  time  at  1400*  (the  last  3  experiments.  Table  2),  showed 
that  reducing  the  holding  time  to  1/2  hour  did  not  permit  the  reaction  to  proceed  to  con¬ 
clusion;  this  can  be  Judged  by  the  significant  quantity  of  unremoved  carbra.  Holding  for 
over  one  hour  was  likewise  inexpedient. 

Similar  reaction  conditions  were  also  established  for  the  reaction  preparing  zirconium 
boride  ZrB, . 

Roentgeno-structural  analysis  of  powdered  titanium  and  zirconium  borides  prepared 
by  this  procedure,  performed  using  coiner  illumination  showed  a  hexagonal  structure 
for  both  compounds  with  lattice  constants  for  TiB,  of  a-3.020  kx.  c-3.217  kx;  c:a«1.065 
(according  to  the  literature  data  [8]  for  pure  titanium  boride  prepared  synthetically  from 
its  elements.  a>3.028  kx;  c>3.228  kx;  c:a"«1.064),  and  for  ZrBg.  a»3.172  kx;  c-3.538,  and 
c:a  ■  1.115  (according  to  literature  data  [8]  a«3.170  kx;  c-3.533  kx;  c:a-1.115).  The 
identification  was  made  graphically;  the  agreement  must  be  regarded  as  satisfactory: 
for  TiBg  all  11  lines  for  -  radiation  agreed.* 


TABLE  2 


Chemical  Compoaitlaa  ct  Producu  from  Treatiiig  the  2110,  .  B«C  *  3C  Cherge  under  Vecuum.  ee  Dependent 
on  Tempenture  end  nme  at  Heeting. 


Temperature  (^2) 

Time 

Preaaure  (nun  Ha) 

Yield  (X) 

Chemical  Comnonltion  d) 

(mlnucea) 

initial 

final 

H 

■3^ 

Total 

1200 

4.10‘ 

- 

25.51 

- 

laoo 

4.10‘‘ 

- 

- 

28.93 

- 

1400 

3.10^ 

3.10* 

69.52 

30.49 

0,02 

100.03 

ISOO 

40 

3,10^ 

s.io-* 

100.0 

69.70 

30.53 

0.019 

100.25 

IMO 

3.10-* 

4.10* 

99.0 

68.49 

31.53 

0.018 

100.04 

1700 

4.10^ 

4.10-‘ 

98.0 

69.52 

30.92 

0.019 

100.46 

1800 

3.10r* 

4.10* 

95.0 

wai 

31.51 

0.019 

100.74 

1900 

3.10* 

4.10* 

95.6 

69.64 

30.62 

0.084 

100.28 

1400 

IS 

2.10* 

4.2 

- 

• 

28.18 

1.20 

- 

1400 

30 

4.10* 

1.0 

- 

- 

31.50 

1J4 

- 

1400 

120 

3.10* 

2.10* 

99.5 

68.55 

31.40 

0.06 

100.01 

TABLES 


Main  Ctaaracteriatlcs  of  Poerdered  Vanadium,  Niobium,  and  Tuttliia  Boridea  Obtained  by  the  Vacwan  Thermal 
Matted. 


Boride 

Chemical  compoaltian  X 

Lattice 

ooontaota 

■ 

Average 
particle 
aine  (p) 

Oenalty 

V  ftfc.  Tal _ 

B 

S-oul 

Toul 

Calculated 

Pound 

Calculated 

Pound 

• 

c 

VB, 

70.10 

70.00 

29.90 

29.83 

0.09 

99.99 

3.050 

1.027 

1.86 

4.56 

NbB, 

81.04 

1.14 

18.96 

0.17 

100J6 

3.080 

3.304 

1.073 

TaB. 

1 

89.30 

88.40 

10.70 

0.16 

99.07 

3.082 

3.239 

1.075 

*The  photographs  and  calculations  for  lattice  constants  were  performed  by  R,B.  Kotelnikov. 
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The  average  particle  size  of  titanium  and  zirconium  boride  powders  prepared  by  the 
vacuum  thermal  method  was  to  2.2  and  2.3fi,  respectively,  and  about  70-80%  was  in  the 
1.5-3fi  range.  Pycnometric  determination  of  the  powder  density,  performed  under  the 
microscope  using  benzene,  gave  the  values:  d^g  -4.44  and  d^  g  -6.24,  as  compared 


With  those  calculated  from  the  lattice  constants:  d. 


TiB. 


>4.45  and 


SrBg 


■6.04. 


Preparing  vanadium,  niobium,  and  tantalum  borides.  The  process  for  preparing  vana¬ 
dium,  niobium,  and  tantalum  borides  was  exactly  the  same,  llie  main  characteristics  of 
the  products  obtained  are  given  in  Table  3. 


Preparing  tungsten  boride.  In  preparing  tungsten  boride  by  the  vacuum  thermal  pro¬ 
cedure,  we  are  confronted  with  the  high  volatility  of  tungstic  anhydride  and  its  prelimin  - 
ary  reduction  to  WOg  leading  then  to  a  reaction  forming  the  boride  at  relatively  low  tem¬ 
peratures,  and  likewise  with  providing  some  excess  WOg  to  compensate  its  volatility  in 
the  vacuum  furnace. 


Tungsten  boride  prepared  in  this  manner  has  a  chemical  composition  close  to  WgBe, 
an  average  particle  size  of  2.4(i,  pycncnnetric  density  11.96,  and  lattice  constants  a-2.00 
and  c-13.80  kx. 


SUMMARY 

1.  A  vacuum  thermal  procedure  for  preparing  borides  of  high-melting  metals  by  re¬ 
acting  the  corresponding  oxides  with  boron  carbide  and  carbon  black  according  to  the 
scheme: 


MeO+B4  C+C-*MeB+CO 

enables  us  to  obtain,  under  comparatively  simple  experimental  conditions,  pure  borides 
very  close  in  composition  to  the  compounds  described  by  the  formulas  MeB,  or  Meg  Bp 
with  very  little  contamination  from  residual  caxhon  (  as  a  rule  in  quantities  below  0.2%). 

2.  The  possibility  of  preparing  titanium,  zirconium,  vanadium,  niobium,  tantalum,  and 
tungsten  borides  by  the  indicated  method  was  demonstrated. 
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SELECTED  ARTICLE  NO  3 


CHEMICAL  RESISTANCE  AND  HYDROLYTIC  DECOMPOSITION  OF  SOME  TRANSITION 
METAL  DIBORIDES  ON  REACTION  WITH  ACIDS 

L.  Ya.  Markovskii  and  G.  V.  Kaputovskaya 

Translated  from  Zhumal  Prikladnoi  Khimii  Vol.  33,  No.  3, 
pp.  569-577,  March,  I960,  Original  article  submitted  July 
14,  1959. 

Borides  of  transition  metals,  especially  zirconium,  titanium,  and  chromium  diborides, 
have  been  attracting  increasing  attention  from  investigators  over  recent  years  as  construc¬ 
tion  materials  [1,21.  These  substances,  which  have  high  melting  points  (ZrBa  3040”,  TiBg 
2980".  CrBg  2300"),  good  thermal  and  electrical  conductivity,  and  comparatively  high  slag 
re  sistance,  have  teen  the  subject  of  many  investigations  in  various  countries,  including 
the  Soviet  Union  [1,3-10].  The  chemical  resistance  of  these  substances  to  various  reagents 
has  been  investigated  much  less.  Up  to  now  there  have  only  teen  fragmentary  and  often 
contradictory  reports  on  this  problem.  Thus,  in  1913  Wedekind  [11]  stated  that  zirconium 
boride,  to  wMch  he  assigned  the  formula  is  decomposed  by  hydrochloric  acid  with 

the  liberation  of  boron  hydrides,  while  other  authors  said  that  it  has  considerable  resis¬ 
tance  to  this  acid. 

According  to  the  data  of  Kifer  and  Shvartskopf  [2],  ZrBg  only  reacts  weakly  with  hydro¬ 
chloric  acid,  but  more  vigorously  with  HNOg  ,  a  mixture  of  HgS044.HN03,  aqua  regia,  and  hot 
sulfuric  acid;  ZrBg  dissolves  readily  in  molten  alkali  metal  carbonates,  bisulfates,  and 
hydroxides.  Titanium  diboride  has  even  greater  chemical  resistance.  It  is  also  very  re¬ 
sistant  to  oxidation  by  atmospheric  oxygen.  According  to  the  same  data  [2],  it  is  insoluble 
in  hydrochloric  and  hydrofluoric  acids,  but  dissolves  readily  in  mixtures  of  HNOg  with  hy¬ 
drogen  peroxide  or  sulfuric  acid  and  in  sulfuric  acid  alone  with  heating.  According  to  the 
data  of  Andrieux  and  Marion  [12],  all  chromium  borides,  including  CrBg,  are  resistant  to 
nitric  acid.  According  to  the  data  of  Campbell,  Powell,  et  al.  [13],  chromium  borides  are 
some  of  the  most  slag-resistant  compounds. 

The  first  systematic  investigation  of  the  chemical  resistance  of  powdered  borides  of 
transition  metals,  prepared  by  the  boron  carbide  method,  was  carried  out  by  Samsonov  and 
his  co-workers  [14,  15].  As  a  result  of  an  investigation  of  the  chemical  resistance  of  powdered 
titanium,  zirconium,  vanadium,  niobium,  tantalum,  chromium,  molybdenum,  and  tungsten 
borides  to  hydrochloric,  nitric,  sulfuric,  phosphoric,  perchloric,  oxalic,  and  hydrofluoric 
acids  (both  concentrated  and  dilute),  in  the  cold  and  at  the  boiling  points,  quantitative  data 
were  obtained  characterizing  the  degree  of  solution  of  the  powders  investigated  in  the  given 
media.  The  data  obtained  showed  that  all  the  borides,  with  the  exception  of  niobium  and 
tantalum  borides,  have  a  considerable  solubility  in  acids,  especially  nitric  acid.  All  the 
borides,  with  the  exception  of  Nb,  Ta,  and  Cr  borides,  dissolved  in  nitric  acid  at  a  high 
rate,  even  in  the  cold,  while  chromium  boride  dissolved  in  boiling  nitric  acid.  Niobium 
and  tantalum  borides  dissolved  readily  only  in  hydrofluoric  acid  and  in  concentrated  sul¬ 
furic  and  phosphoric  acids  on  heating.  The  same  article  gave  interesting  data  on  the  solu¬ 
bility  of  borides  in  mixtures  of  acids  with  various  additives  and  also  on  the  solubility  of 
borides  in  NaOH  solutions  of  various  concentrations.  However,  in  this  work  no  data  were 
given  on  the  chemistry  of  the  processes  occurring  during  the  solution  of  borides  of  transi¬ 
tion  metals  in  various  aggressive  media.  In  the  work  of  the  authors  of  the  given  article  on 
the  hydrolytic  decomposition  of  magnesium  and  beryllium  borides  [16-18],  it  was  shown 
that  the  solution  of  these  borides  is  accompanied  by  the  liberation  of  a  certain  amount  of 
boron  hydrides  and  hydrogen. 
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TABLE  1 


Composition  of  Borides  According  to  Chemical  Analysis  Data  [25] 


Borides 


Products  synthesized  by  car' 
bon  reduction  (in%) 


Products  synthesized  by  the  Products  synthesized  by 
boron  carbide  method  (in  %)  the  electrochemical 

method  (in  %) 


ZrB. 

TIB, 

CrB, 


Me 

80.9 

68.9 
69.8 


B 

18.1 

28.S 

30.2 


c 

Me 

B 

■ 

80.2 

18.4 

68.4 

29.6 

■ 

69.8 

27.2 

C 


Me 


0.8  80 

1.0  69 


2.0 


B 

19.2 

30.8 


From  the  literature  [19]  it  is  known  that  even  some  extremely  chemically  resistant  bo¬ 
rides  (  for  example.  AIB,  and  CeB,  form  small  amounts  of  boron  hydrides  on  decomposition 
in  acids.  As  has  been  mentioned  already,  it  has  been  shown  experimentally  that  zirconium 
boride  [11]  and  transition  metal  borides  liberate  boron  hydrides  on  solution  in  HCl.  There¬ 
fore.  it  may  be  surmised  that  the  solution  of  these  borides  in  acids,  which  results  in  the 
formation  of  the  corresponding  metal  salts  and  boric  acid,  passes  through  the  intermediate 
stage  of  the  formation  of  boron  hydrides. 

It  may  be  surmised  that  the  primary  product  of  the  hydrolytic  decomposition  of  borides 
is  borlne.  BHt .  The  substance  is  extremely  reactive  and  has  not  yet  been  isolated  in  a  pure 
form.  On  contact  with  water  it  is  largely  hydrolyzed  to  form  BgO,  or  boron  suboxides,  but  a 
very  small  amount  of  BHg  is  polymerized  to  form  BgHg,  BgHs,  and  other  more  complex  boron 
hydrides.  The  scheme  for  such  a  polymerization,  occurring  during  the  hydrolysis  of  mag¬ 
nesium  boride,  was  first  given  by  Wiberg  [20]. 

The  purpose  of  the  present  woiic  was  a  preliminary'  examination  of  the  chemistry  of 
processes  occurring  during  the  solution  of  titanium,  ^drconium.  and  chrmnium  borides  in 
acids  (mainly  in  hydrochloric  acid). 

For  this  purpose,  we  investigated  the  resistance  of  these  borides  in  a  powder  and  sin¬ 
tered  form  to  HCl.  l^SO«.  and  HNOg  in  comparison  with  certain  acid-resistant  compounds 
(BgCandMoSig)  and  also  studied  the  gaseous  hydrolysis  products  and  the  composition  of 
the  solutions  obtained.  The  data  trfxained  confirmed  the  above  point  of  view  on  the  chemistry 
of  the  decomposition  of  borides  in  acids. 

Chemical  Resistance  of  Titanium.  Zirccmium.  and  Chranium  Borides  in  Acids 

The  boride  samples  investigated  were  obtained  by  three  methods:  1)  by  carbon  re¬ 
duction  of  a  mixture  of  meul  and  boron  oxides  at  a  temperanire  of  the  order  of  1900* 

[21.22];  2)  by  the  boron  carbide  method  with  reduction  in  vacuum*  [23]:  3)  by  electrolysis 
of  melts  by  die  method  described  by  Andxieux  [24].  The  ctnnposldons  ^  the  starting  ma  - 
terials  investigated  are  given  in  Tidile  1. 

X-ray  phase  analysis  confirmed  that  all  the  borides  investigated  contained  well-formed 
crystal  lattices  of  diborides. 


*  These  samples  were  kindly  provided  by  G.  V.  Samsonov. 
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The  samples  were  sintered  by  hot  pressing  in  graphite  molds  at  1800*  and  a  pressure  of 
about  100  kg/cm*  [26].  As  a  result,  we  obtained  flat  disks  25  mm  in  diameter  and  3-4  mm 
chick.  Halves  of  such  disks  were  used  for  testing  chemical  resistance.  The  samples  were 
placed  in  beakers  with  the  appropriate  acid  and  left  at  room  temperature  for  a  given  time 
without  stirring  and  then  the  samples  were  washed  with  water  and  weighed. 

In  the  study  of  the  chemical  resistance  of  powders,  the  latter  were  washed  after  test¬ 
ing  on  a  tared  glass  filter. 

The  results  of  the  tests  are  given  in  Tables  2  and  3.  The  data  in  Table  2  show  that 
electrolytic  zirconium  and  titanium  borides  also  dissolve  in  acids  to  a  considerable  ex¬ 
tent,  but  somewhat  less  than  borides  prepared  by  the  boron  carbide  and  carbothermal 
methods.  Table  3  gives  comparative  data  for  hot-pressed  boron  carbide  and  molybdenum 
silicide.  As  follows  from  the  data  obtained,  these  substances  have  the  maximum  chemical 
resistance  to  acid.  Sintered  samples  of  TiBg  had  such  a  high  resistance  to  hydrochloric 
acid  that  they  could  probably  be  recommended  as  acid-resistant  materials.  Zirconium 
boride  was  strongly  attacked  in  hydrochloric  acid. 

The  data  in  Table  3  show  that  the  addition  of  metallic  silicon  to  TiBg  and  ZrBg  reduced 
the  chemical  resistance  of  samples  to  all  the  acids  tested  (HCl,  HNOg,  and  HSSO4). 

Hydrolysis  Products  of  Zirconium,  Titanium,  and  Chromium  Diborides 

In  the  decomposition  of  diborides  by  hydrochloric  acid  it  is  possible  to  establish  by 
smell  that  appreciable  amounts  of  boron  hydrides  are  formed,  especially  in  the  case  of 
zirconium  and  chromium  borides.  When  treated  with  hydrochloric  acid,  chromium  boride 
began  to  liberate  boron  hydrides  in  the  cold,  while  zirconium  boride,  even  in  the  most 
crystalline  form,  for  example,  that  prepared  electrolytically,  reacted  vigorously  with 
hydrochloric  acid  solution  after  slight  heating,  also  with  the  liberation  of  boron  hydrides, 
llie  reaction  proceeded  more  slowly  with  titanium  boride  and  therefore,  in  order  to  de¬ 
tect  the  smell  of  boron  hydrides,  it  was  necessary  to  use  a  large  sample  of  boride  and 
carry  out  the  decomposition  with  heating. 

For  all  three  borides,  the  formation  of  boron  hydrides  during  the  reaction  with 
hydrochloric  acid  was  demonstrated  by  qualitative  reactions  with  paper  moistened  with 
AgNOa  solution  (browning  or  blackening  of  the  paper)  and  decolorization  of  a  drop  of 
KMn04  solution  [27],and  also  quantitatively  by  absorption  of  the  gases  liberated  with 
water  and  alkali  solution,  with  subsequent  determination  of  the  amount  of  boric  acid  in 
the  solution.  The  latter  method  was  described  by  Mikheeva  [28]  and  by  others  [29]. 

The  results  of  the  experiments  are  given  in  Table  4. 

The  detection  of  boric  acid  on  absorption  of  the  gaseous  products  with  water  and 
alkali  solution  showed  that  both  diborane  and  tetraborane  were  formed  during  decompo¬ 
sition  of  the  borides.  Analysis  of  the  gas  collected  when  the  borides  were  decomposed  in 
a  stream  of  nitrogen  showed  that  after  the  boron  hydrides  had  been  absorbed  in  water  and 
alkali,  the  residual  gases  contained  a  considerable  amount  of  hydrogen.  Thus,  it  was  con¬ 
firmed  that  as  in  the  hydrolysis  of  magnesium  and  beryllium  borides,  the  gaseous  de¬ 
composition  products  consisted  of  boron  hydrides  and  hydrogen.  Quantitative  data  on  the 
amount  of  boron  hydrides  and  hydrogen  liti^rated  during  the  decomposition  of  borides 
with  HCl  (1  :2)  are  given  in  Table  5. 
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TABLE  2 


Chemical  Resistance  of  Powdered  Zirconium  and  Titanium  Borides  Obtained  Electrochemically. 
Boride  Powder  Fraction  <0.2  mm. 


Acid 

Acid  conceni 
tratlon 

Experiment  con¬ 
ditions 

Duration 
of  treat¬ 
ment  (in 
hr) 

Degree  of 

solution 

(in*) 

Notes 

ZrB, 

1.10 

In  the  cold 

0.S 

None 

Did  not  react 

Cone. 

In  the  cold 

96 

3.99 

H,SO* 

1.10 

Bolling 

1 

27 

Cone. 

Boiling 

1 

Almost  all  dissolved  solution 

turbid 

1.10 

In  the  cold 

0,5 

None 

Did  not  react 

1.10 

Bolling 

1 

14 

HNO, 

Cone. 

In  the  cold 

96 

74.5 

Solution  became  yellow 

Boiling 

1 

93.1 

Residue  became  white 

1.10 

In  the  cold 

24 

77 

HP 

1.10 

Boiling 

1 

86.2 

Evolution  of  gases 

Cone. 

In  the  cold 

24 

84.4 

1.10 

In  the  cold 

16.8 

7 

Weak  evolution  of  gases 

1.10 

Boiling 

1 

25.7 

Violent  evolution  of  gases 

HCl 

Cone. 

In  the  cold 

24 

2 

Weak  evolution  of  gases 

Cone. 

Boiling 

1 

25.4 

Strong  evolution  of  gases 

Water 

In  the  cold 

24 

5.75 

Bolling 

1 

0.94 

TIB, 

1.10 

In  the  cold 

168 

45.7 

H,SO« 

Cone. 

In  the  cold 

96 

5.5 

Bolling 

1 

43.3 

HNO, 

1.10 

In  the  cold 

96 

97,5 

1.10 

Boiling 

1 

95.5 

Yellow  solution 

Cone. 

In  the  cold 

24 

97 

HF 

1.10 

In  the  cold 

27 

15.6 

Cone. 

In  the  cold 

96 

16.6 

1.10 

In  the  cold 

96 

3.9 

Evolution  of  gases 

HCl 

1.10 

Boiling 

1 

12 

Cone. 

In  the  cold 

24 

5.5 

Cone. 

Bolling 

1 

12 
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TABLE  3 


Comparative  Data  on  the  Chemical  Resistance  of  Hot-Pressed  Boride  Sinters  to  Acids 


Composition  of 
samples 

Acid  and  its  speci¬ 
fic  gravity 

Weight  loss  (in  %  of  original  sample)  after  a  rime  of 

1  day  4  days  10  days 

HCl, 

1.19 

2.5 

4.9 

10.4 

ZrB, 

HNOs. 

1.42 

5.6 

13.6 

33.3 

H,SO*, 

1.84 

1.2 

4.2 

5.2 

HCl. 

1.19 

0.1 

0.4 

0.8 

TiB, 

HNOs. 

1.42 

6.1 

15.1 

30.5 

HsSOs. 

1.84 

0.1 

0.4 

1.0 

HCl. 

1.19 

0.4 

2.0 

17.0 

ZrB,-t-S%Si 

HNOs. 

1.42 

2.5 

16.6 

53.1 

HsSO*. 

1.84 

0.2 

1.2 

7.8 

HCl. 

1.19 

0.8 

2.1 

13.3 

TiB,+5%Si 

HNOs. 

1.42 

3.1 

14.2 

30.8 

HsSOs. 

1.84 

0.04 

0.7 

1.4 

HCl. 

1.19 

0.1 

0.5 

1.1 

TiB,+l056Si 

HNOs. 

1.42 

6.33 

48.77 

Disintegrated 

HsSO*. 

1.84 

3.85 

5.2 

34.29 

HCl. 

1.19 

0.04 

0.18 

0.25 

TiB,+20S6Si 

HNOs. 

1.42 

4.43 

9.69 

19.8 

HsSO*. 

1.84 

0.80 

2.82 

34.2 

HCl. 

1.19 

0.24 

0.59 

0.65 

B4C 

HNOs. 

1.42 

0.41 

0.65 

0.65 

HsSOs. 

1.84 

1.05 

1.05 

1.53 

B*C+10%Si 

HCl. 

1.19 

0.07 

0.10 

0.10 

HCl. 

1.19 

0.09 

0.16 

0.74 

MoSi, 

HNOs. 

1.42 

0.46 

0.94 

1.56 

H,SO*. 

1.84 

0.07 

0.01 

0.07 

109 


TABLE  4 


Demonstration  of  the  Pomutlon  of  Boron  Hydrides  During  Hydrolytic  Decomposition  of  Borides 
in  Hydrochloric  Acid  (1  : 1)* 


Composition  of 
boride  and  experi¬ 
mental  conditions 

Sam¬ 

ple 

(ing) 

Result  of  qualitative  reaction  for 
boron  hydrides 

B  content  detected  by 
absorption  (in  %  of 
sample) 

organo¬ 

leptically 

reaction 
with  AgNOs 

reaction  with 
KMnO^ 

in  water 

inKOH 

solution 

ZrB,  with  heating 

0.1 

+ 

Brown  spot 

None 

The  same 

1.0 

++ 

Black  spot 

Decolorization 

0.1  -1 

The  stune  in  the  cold 

S.O 

■M-+ 

Black  spot 

Decolorlzation 

TiB«  in  the  cold 

S.O 

None 

None 

None 

The  same  with  heating 

5 

++ 

Black  spot 

Decolorization 

0.4  -O.S 

CrB,  in  the  cold 

S 

Traces 

Nme 

None 

The  same  with  heating 

5 

+++ 

Black  spot 

Decolorization 

0.2 -0.3 

*  The  decomposition  was  carried  out  in  a  stream  of  purified  argon. 


TABLES 


Amounts  of  Boron  Hydrides  and  Hydrogen  Liberated  During  the  Decomposition  of  ZrB, ,  TiB, ,  and  CrBi 
in  Boiling  Hydrochloric  Acid  (1  : 2) 


Boride 

Method  of  prq;iar- 
ing  boride 

Total  boron  content 
of  boron  hydrides 
relative  to  sample 

Aia%> _ 

Number  of  moles 
of  per  mole  of 
boride 

Boride 

— 

Method  of  Prepsr* 
ing  boride 

Total  boron  coment 
of  boron  hydrides 
relative  to  sample 
(ln» 

Number  of  moles 
of  per  mole  at 
boride 

/ 

1.86 

3.95 

1.52 

0.48 

\ 

l.U 

3.95 

TIB, 

Boron  carbide 

1.13 

0.40 

ZrB, 

Blectrrchemical  < 

lai 

4.00 

0.504 

1 

4.07 

0.27 

3.65 

\ 

0.60* 

4.10 

CrB, 

Boron  carbide 

0.16 

3.73 

ZrBa 

Boron  carbide 

1.34 

4.10 

0.42 

3.50 

*  HCl  concentration  1  : 4. 
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Analysis  of  the  insoluble  residues  remaining  after  decomposition  of  the  borides 
with  hydrochloric  acid  and  of  the  solution  obtained  showed  the  ratio  of  boron  to  metal  in 
the  residue  and  solution  to  be  practically  unchanged,  as  can  be  seen  from  the  data  in 
Table  6.  The  slight  deviations  found  (especially  for  CrB, )  are  probable  explained  by 
analysis  *  errors  due  to  the  presence  of  solid  hydrolysis  products  in  the  residue  and 
also  a  trace  of  the  boride  CraB4  (Table  7). 

It  should  be  noted  that,  judging  by  the  color  of  the  solutions  formed  during  solution 
of  the  borides  and  also  by  qualitative  tests  applied  to  them,  the  solution  of  ZrBg  yielded 
ZrOClg  solution,  TiBg  gave  TiCU  solution,  and  CrBg  gave  CrCls  solution. 

Table  8  gives  data  on  the  relative  rate  of  decomposition  of  powdered  zirconium,  tita¬ 
nium,  and  chromium  borides  when  they  were  boiled  with  hydrochloric  acid.  As  follows 
from  these  data,  the  rate  of  decomposition  depended  to  a  large  extent  on  the  degree  of 
crystallinity  of  the  boride  (preparation  method). 

As  the  data  obtained  show,  chromium  boride  dissolved  most  rapidly  and  titanium 
boride,  least  rapidly,  which  is  in  accordance  with  previously  presented  data  on  the  loss 
in  weight  of  boride  sinters  and  powders. 

Chemistry  of  the  Decomposition  of  Borides  in  Acids 


The  data  obtained  naturally  are  insufficient  for  a  complete  explanation  of  the  chemi¬ 
cal  processes  occurring  during  solution  of  borides  in  hydrochloric  acid.  However,  the 
fAct  that  boron  hydrides  and  hydrogen  are  liberated  simultaneously  during  hydrolysis  in¬ 
dicates  that  they  are  connected.  If  we  write  the  over-all  equations  for  hydrolysis  of 
borides,  considering  that  it  goes  to  boric  acid,  we  get  for  borides  of  tetra valent  metals: 
MeBg  +7H,0  -  Me(OH)4  +  8,0#  +  5H#(1);  for  trivalent  metals:  MeB,  +  6H#  0  -*  Me(OH)#  + 
8,0#  -t-  4.SH#(2);  for  divalent  metals:  MeB#  +  5H,0  Me(OH)#  *  6,0#  *  4H#  (3). 

If  boron  suboxides  are  formed  during  the  hydrolysis,  even  partially,  the  amount  of 
hydrogen  liberated  must  be  correspondingly  smaller.  Thus,  if  it  is  assumed  that  BgC^ 
is  formed  as  the  suboxide,  as  was  proposed,  for  example  by  Ray  for  the  hydrolysis  of 
magnesium  borides  [31],  instead  of  the  first  equation  we  would  have:  MeB,  *  61^0 
Me  (0H)4  +  2B0  +  4^,(4),  and  instead  of  equation  (3):  MeB#  5H,0  -<  Me(0H)3  +  2B0  + 
3.SH,  (5).  As  4  moles  of  hydrogen  was  liberated  during,  the  hydrolysis  of  zirconium 
diboride  and  a  salt  of  tetravalent  zirconium  was  formed  in  the  solution  ,  it  may  be 
assumed  that  the  hydrolysis  of  ZrB,  proceeds  according  to  equation  (4).  In  the  hydroly¬ 
sis  of  CrB,,  Cr^'^'^ions  and  3.5  to  3.7  moles  of  H,  were  obtained,  i.e.,  the  reaction 
proceeded  according  to  equation  (5). 

Only  in  the  case  of  titanium  boride  was  the  amount  of  hydrogen  much  less  than  that 
corresponding  to  any  of  the  schemes  presented.  The  reason  for  this  is  not  clear.  The 
equations  presented  are  only  over-all.  The  formation  of  both  B,H,  and  B4HU  during 
hydrolysis  shows  that  in  all  probability  the  hydrolysis  of  transition  metal  borides 
also  proceeds  through  the  formation  of  the  primary  boron  hydride  radical  BH# .  Depend¬ 
ing  on  the  rates  of  its  formation,  hydrolytic  decomposition,  the  polymerization,  the  de¬ 
gree  of  which  may  also  depend  on  catal^c  factors,  the  amount  of  toron  hydrides  which- 
may  be  collected  is  different  for  different  borides  and  also  depends  on  the  hydrolysis 


*The  borides  were  analyzed  by  BlumenthaTs  method. [30]. 
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conditions.  Thus,  for  example,  it  was  minimal  for  CrBs  and  almost  5  times  greater  for 
ZrB,  and  TiB, .  The  factors  determining  the  course  of  these  reactions  have  not  been 
studied  sufficiently  yet  and  due  to  this  it  is  impossible  to  write  a  developed  scheme  for 
the  hydrolysis  of  the  borides  investigated,  considering  the  formation  of  primary  boron 
hydrides. 


TABLE  6 


Chemical  Analysis  of  Original  Borides  and  Solutions  Obtained  After  Decomposition  in  Hydrochloric  Acid 


Boride 

Analysis  of  original 
boride  (in%) 

Sample 

(ing) 

Weight  of 

residue 

(Ing) 

Analysis  of  residue 

(in  56) 

Analysis  of  solution 
(in  56) 

Me 

B 

Me 

B 

Me 

B 

m 

0.512 

0.242 

79.5 

73.0 

17.8 

ZrB| 

■■ 

0.357 

0.099 

— 

18.6 

78.6 

0.200 

— 

mm 

— 

19.0 

68.4 

H 

2.154 

68.5 

30.2 

— 

21.3 

TIB, 

68.4 

mm 

2.072 

1.942 

— 

30.8 

— 

23.2 

26.9 

2.015 

75.1 

23.2 

— 

25.8 

CrBs 

■9 

26.9 

2.307 

0.197 

— 

23.4 

— 

25.8 

TABLE? 


X-ray  Diffraction  Analysis  of  Original  Borides  and  Residues  Obtained 
After  Decmnposition  in  Hydrochloric  Acid 


X-ray  analysis  of  original 

X-ray  analysis  of  insoluble 

Boride 

mattrial 

residue 

ZrB, 

Pure  ZrB,  phase 

ZrB,  *  oxide  compounds 

TiB, 

Pure  TiB,  phase 

TiB, 

CrB, 

CrB,  *  trace  of  CraB« 

Cr.B* 
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TABLE  8 


Data  on  the  Rate  of  Decomposition  of  Boride  Powders  in  Boiling  HCl  (1:2).  Experiments 
Carried  out  with  50  ml  of  HCl 


Boride 

Sample  (in  g) 

Duration  of 
experiment 
(in  hr) 

Amount  of 
boride  dis¬ 
solved  (in  g) 

Rate  of  solution 
(in  g/  hr  per  g  of 
sample 

2 

0.267 

1 

0.512 

1.5 

ZrBg  "electrolytic"^ 

0.357 

2.5 

0.258 

0.290 

0.426 

1.25 

0.238 

0.446 

1 

1.663 

4 

1.160 

0.175 

ZrB,  "boron 

2.033 

0.5 

1.610 

1.580 

carbide" 

2.053 

0.5 

1.632 

1.590 

TiBa  ‘  ‘boron 

2.154 

0.5 

0.101 

0.094 

carbide" 

2.073 

0.5 

0.130 

0.120 

CrBa "boron 

2.015 

0.5 

1.809 

1.79 

carbide" 

2.307 

0.5 

2.110 

1.82 
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SELECTED  ARTICLE  NO  4 

PHYSICAL  CHEMISTRY 

HEATS  OF  FORMATION  OF  BORIDES  OF  SOME  TRANSITION  METALS  (Ref:  34) 

Professor  G.V.  Samsonov 
(Translation  by  S.A.  Mersol) 

In  view  of  the  increasing  requirements  for  borides  of  transition  metals,  the  determi¬ 
nation  of  the  heats  of  formation  of  corresponding  boride  phases  becomes  particularly 
important.  Partial  facts  on  this  subject  have  been  published  recently,  in  which  during  an 
analysis  of  the  tensimetrical  curve  of  the  formation  of  TiB,,  the  heat  of  formation  of 
TiBa  was  determined  by  the  vacuum-thermal  method,  and  was  found  to  be  equal  to  ~ 

70.04  kcal/mole  (1). 

In  Brewer's  and  Haraldsen's  work  (2)  the  thermodynamic  stability  of  borides  of  re¬ 
fractory  metals,  Ti,  Zr,  Nb,  Ta,  Cr,  Mo,  and  W  (also  Ce  and  Th),  were  discussed.  To 
determine  the  approximate  values  of  the  heats  of  formation  of  the  borides,  they  used  the 
data  on  the  stability  of  borides  to  nitrogen  and  carbon;  these  data  were  obtained  by  X-ray 
analysis  of  the  products  of  corresponding  reactions: 

M«B,  +  (  *  g  )  Ng  =  M.Ny  +  >BN. 

MaB  +  C  =  Mac  +  -3-  B.C 
I  y  4  4 

In  such  an  analysis  if  no  solubility  of  the  initial  components  or  of  the  reaction  products 
takes  place,  or  if  no  other  new  compounds  are  formed,  it  is  possible  to  determine  the 
approximate  values  of  heats  of  formation  of  borides,  as  well  as  those  of  boron  nitrides 
and  carbides  from  values  established  by  previous  investigations  (see  data  in  table  1). 

TABLE  I  (2) 


THE  HEATS  OF  FORMATION  OF  BORIDES  OF  TRANSITION  METALS 


BORIDE 

AQ 

kcal/mole 

dORlOE 

AO 

kcal/mole 

BORIDE 

AO 

KCAL/MOLE 

BORIDE 

AO 

kcal/mole 

TiB, 

~  72 

NbB, 

>  36 

MoB 

16.3 

W,B, 

25-45 

>105 

To  B, 

>  52 

MoB, 

23.0 

CoB^ 

<  84 

ZrB 

>  39 

Cr  Bj 

>  30 

Mo,B, 

50.0 

ThB4 

>  52 

ZrB, 

Mo,B 

25.5 

W,  B 

20  -  28 

ThB, 

>  66 

ZrB„ 

Mo,B, 

42.0 

WB 

12-22 

— 

— 

Note  that  the  general  thermodynamic  stability  of  the  compounds  which  transition 
metals  form  with  metalloids  like  boron,  carbon,  and  nitrogen  is,  in  large  degree,  determi¬ 
ned  not  only  by  the  reaction  kinetics  of  the  compounds  being  formed,  but  also  by  the 
degree  of  matching  of  the  electronic  configuration  and  the  atom  of  the  metal  (or  non- 
metal)  whereby  energetically  the  least  stable  is  more  directly  affected.  Matching  the 
electronic  configuration  to  the  atom  of  the  metal  or  nonmetal  must  be  accompanied  by 
the  formation  of  energetically  more  stable  states,  in  which  either  the  d-orbitals  of  metal 
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atoms  are  ‘‘filled  up"  or  there  is  a  release  of  energy  close  to  the  ionization  energy  of 
the  nonmetal  atom  (3).  It  follows,  then  that  the  smallest  heats  of  formation  values  of  the 
molecules  are  found  in  carbides  (ionization  potential  of  carbon  le  ■  11.22  eV),  and  much 
greater  values  in  nitrides  (I^  ■  14.47  eV),  borides  (U  ■  8.4  eV)  and  silicides  (I,i  ■  7.39 
eV)*.  As  to  the  filling  up  of  d-orbitals  of  transition  metal  atoms  having  various  electronic 
defects,  it  seems  proper  to  assume  that  within  each  transition  period  the  heats  of  forma¬ 
tion  must  decrease  with  a  corresponding  decrease  in  electronic  defect  of  the  metal. 

In  Table  2  values  are  listed  for  the  heats  of  formation  of  borides,  carbides,  and  nitrides 
of  transition  metals  per  mole  of  the  i^ase  and  per  g-atom  of  the  nonmetal. 


TABLE  2 

HEATS  OF  FORMATION  OF  BROMIDES,  CARBIDES, AND  NITRIDES 


METAL 

HEAT  OF  FORMATION 

N  KCAL 

BORIDE 

CARBIDE 

NITRIDE 

PHASE 

PER 

MOLE  OF 
PHASE 

PER  G 
ATOM 
OF  B 

PHASE 

PER 

MOLE  OF 
PHASE 

PER  6 
ATOM 

OF  C 

PHASE 

PER 

MOLE  OF 
PHASE 

PER  6 
ATOM 

OF  N 

Ti 

TIB, 

72 

36 

TiC 

87.28 

87.28 

■■ 

60.3 

80.3 

V 

VB, 

— 

— 

VC 

28.0 

26.0 

60.0 

60.0 

Cr 

CrB| 

>30 

>18 

Cr,C, 

21.01 

10.80 

29.8 

29.8 

Zr 

ZrB, 

>78 

>39 

ZrC 

44. 1 

44.1 

mM 

82.2 

82.2 

mm 

NbB, 

>36 

>18 

NbC 

19.0 

19.0 

NbN 

89.0 

89.0 

MoB, 

23 

1  1.8 

Mo  C 

-4.2 

-4.2 

MoN 

17.0 

1  7.0 

Hf 

HfB, 

— 

— 

HfC 

— 

— 

HfN 

— 

— 

To 

ToB, 

>82 

>26 

ToC 

38.8 

38.8 

Ton 

86 

88 

w 

W,B, 

28  —  48 

8—9 

WC 

-8  4 

-8.4 

WN 

17 

1  7 

Additionally,  the  determination  of  the  heats  of  formation  is  lar{(ely  dependent  on  the 
nonmetal's  ionization  potential.  By  increasing  the  number  of  metalled  atoms  per  ine'..l 
atom  (as  in  boride  phases)  the  heat  of  formation  of  the  bond  Me-B  (Q  per  1  boron  atom) 
decreases  as  a  result  of  the  transition  its  electrons  make  to  form  covalent  bonds  B-B. 
More  specifically  (from  the  data  in  table  1),  it  follows  that 


1/2 

Ti8, 

0^ 

36 

Mo,B 

28.8 

1/2 

Tl,8, 

> 

2  1 

1/2  Mo,B, 

21 

ZrB 

> 

39 

MoB 

16.  3 

1/2 

ZrB, 

> 

39 

1/2  MoB, 

11.8 

1/2 

Zr8„ 

> 

1C 

1/8  Mo,B, 

10.0 

There  is  an  increase  in  the  tendency  toward  the  formation  of  individual  structural 
elements  from  boron  atoms  in  the  borides  of  transition  metals  (4).  In  figure  1  the  data 
of  table  2  on  the  heats  of  formation  of  boride,  carbide,  and  nitride  phases  per  one  g-atom 
of  the  metalloid  are  shown  graphically.  For  nitride  and  carbide  jAiases  widiin  each  tran¬ 
sition  period  the  Q  values  plot  as  straight  lines,  which  enables  us  to  extrapolate  the  heats 


*  Without  the  calculation  of  the  metalloid-metalloid  bonds. 
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of  formation  of  HfC  and  HfN  (not  heretofore  mentioned  in  the  literature).  These  values 
are  ~  81  and  97  kcal/mole,  respectively.  In  diborides  the  boron  atoms  form  horizontal 
lattices,  perpendicular  to  the  axis  z,  with  layers  of  boron  and  metal  atoms  alternating  in 
the  arrangement  ANAN.  Changes  in  the  positioning  of  the  atoms  in  the  horizontal  lattices 
in  MoaBe  and  WbBb  result  in  a  relatively  abrupt  increase  in  the  heat  of  formation  for  the 
Me-B  bond,  which,  in  turn,  upsets  the  straight-lined  dependency.  However,  this  upset  is 
taking  place  also  in  the  boride  phases  CrB,  and  MoBa,  with  structures  like  AlBa,  as  well 
as  in  the  rest  of  the  borides.  This  reaction  is  apparently  associated  with  those  properties 
of  the  chromium  and  molybdenum  atomic  structure  to  which  L.  Pauling  (5)  first  directed 
attention,  i.e.,  that  chromium  contains  only  5.78  bond  electrons  and  is  characteristically 
close  to  the  elements  of  the  iron  triad  and  to  the  platinoids.  This  situation  causes  a 
relatively  slow  weakening  of  the  electronic  configuration  to  take  place  and  in  the  observed 
phenomenon  of  unusually  high  values  for  the  heats  of  formation  of  boron  bonds.  As  the 
graphs  in  figure  1  indicate,  it  is  impossible  to  determine  the  heats  of  formation  of  borides 
and  other  phases  of  iron,  cobalt,  and  nictel  by  means  of  simple  extrapolation. 

An  analogous  picture  (figure  2)  is  also  obtained  by  the  expression  of  heats  of  formation 
depending  on  the  oxidizaMlity  (3)  of  transition  metal  atoms  using 

I 

where  n  equals  the  number  of  electrons  and  N  equals  the  principal  quantum  number  of 
vacant  d-orbital  spaces.  This  shows  the  presence  of  a  deep  bond  between  the  heats  of 
formation  and  the  state  *of  the  electronic  configuration  of  carbides,  nitrides,  and  borides. 

By  the  method  described  in  reference  1  we  also  determined  the  heats  of  formation  of 
diborides  of  zirconium  (63.1  kcal/mole)  and  chromium  (19.0  kcal/mole)*.  We  calculated 
the  AQ  of  borides  according  to  Kubashevskiy  (6)  by  making  use  of  the  change  in  the  molar 
volume  at  the  formation  of  the  compounds  from  the  elements.  Besides  this,  the  data  on  the 
heats  of  formation  of  borides  were  obtained  by  extrapolation  using  the  rectilinearity  of 
the  change  AQ  with  the  change  of  the  metal  atomic  number  in  analogous  phases,  starting 
with  the  tensimetrical  value  AQrii  •  70.04  kcal/mole.  All  these  data  are  listed  in  table  3. 

TABLE  3 

THE  COMPARISON  OF  THE  HEATS  OF  FORMATION 
OF  BORIDES  ACCORDING  TO  VARIOUS  DATA 


BORIDE 

HEAT  OF  FORMATION  IN  KCAL  | 

BY  DATA 
FROM 
(2) 

BY  DATA  FROM 

TENSIMETRIC 

EXPERIMENTS 

CALCULATION 

ACCORDING 

TO  (6) 

EXTRAPOLATION 

BY  GRAPHS  OF 
FIC^.  1  AND  2 

TIB, 

-  72 

o 

o 

73 

— 

ZrB. 

>  78 

63.  1 

6  5 

60 

VBj 

— 

— 

6  2 

24 

NbB, 

>  36 

— 

5  9 

33.5 

TaB, 

>  52 

— 

6  3 

4  5.0 

CrBj 

>  30 

19.0 

4  7 

— 

MoB, 

22.5 

— 

6  0 

— 

W.B.* 

—  ^ 

25  -  45 

— 

4  9 

♦The  data  on  the  chromium  boride  were  obtained  jointly  with  R.B.  Kotelnikov. 
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It  is  possible  to  calculate  from  the  established  data  the  approximate  values  for  the  heats 
of  formation  of  dlborides  of  Ti,  Zr,  Nb,  Ta,  and  Cr  whereby  the  calculation  by  extrapo¬ 
lation  apparently  gives  better  results  than  those  obtained  by  Kubashevsldy’s  empirical 
formula. 


SUMMARY 


A  comparison  was  made  between  the  numerical  values  of  the  heats  of  formation  of 
borides  of  several  transition  metals  of  groups  IV,  V,  and  VI  in  the  periodic  system.  These 
values  were  obtained  through  calculations  and  were  determined  as  a  result  of  tensimetrical 
experiments  and  the  study  of  the  products  of  the  interaction  of  borides  with  nitrogen  and 
carbon.  It  was  shown  that  die  heats  of  formation  of  compounds  similar  to  metylm  (borides, 
carbides,  and  nitrides  of  transition  metals)  are  determined  by  die  distribution  of  the 
electron  configuration  in  their  crystal  lattices. 
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Figure  1.  The  heats  of  formation  of  carbides,  borides,  and  nitrides  (per  1  g-atom  of 
metalloids). 
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